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ABSTRACT 


Tho  background  experimental  work  with  explosive  driven  MHD  generators  is 
reviewed  and  the  major  parametric  factors  are  outlined.  Prev '.ously  unpublished 
uata  on  the  effects  of  the  density  and  composition  of  gases  originally  in  the 
channel  is  reviewed  and  it  is  shown  that  the  major  conduction  path  is  through 
the  seeded  detonation  products  and  that  the  role  of  the  gas  is  secondary.  Un- 
published data  on  experiments  with  bulk  seeded  charges  is  also  presented.  It  is 
shown  that  RDX  charges  surface  seeded  with  more  than  xOO  mg  of  cesium  picrate 
produced  better  results  than  any  of  the  bulk  seeded  charges  tested,  which  con- 
tained up  to  25%  CsNO^.  A deleterious  interaction  was  observed  when  bulk  seeded 
charges  were  surface  seeded  with  cesium  picrate.  Analysis  of  this  data  also 
revealed  that  the  anomolously  high  internal  inductance  of  the  explosive  driven 
MHD  generator  was  reduced  by  increasing  the  seed  level,  meaning  that  the  seed 
effects  both  the  plasma  conductivity  and  inductance. 

The  effect  of  various  circulating  current  systems  on  the  explosive  derived 
plasma  sing  are  examined.  It  is  determined  that  diamagnetic  surface  currents 
coupled  with  a thermal  ionization  instability  producing  a *T-layer*  can  bo 
responsible  for  the  maintenance  of  the  plasma  conductivity  in  the  generator. 
However,  svieh  a mechanism  cannot  be  responsible  for  tho  initial  conductivity 
observed  in  tho  vicinity  of  tho  explosive  charge  in  tho  absence  of  a magnetic 
field.  Tho  physical  basis  for  this  original  conductivity  is  uncortaxn. 


To  demonstrate  the  need  for  more  data  on  explosive  driven  MHD  generators, 
designs  are  presented  for  throe  interesting  applications;  5 KJ  100  microsecond 
pulses  into  a 1 ohm  lead;  30  MJ  pulses  700  oicrosecoiuls  long  into  3000  20  oho 
flash  iompsi  and  a coaxial  switch  for  fast  capacitor  banks.  The  sajer  un- 
certainty is  the  maximuta  duration  of  the  pulse  which  can  be  produced  by  an  ex- 
plosive driven  M-MD  channel. 

The  work  on  two  recent  Air  Porce  sponsored  progroau  In  explosive  MHO  is 
reviewed,  it  i«  concluded  that  the  data  taken  under  Contract  F3301$-72“C-i395 
does  not  substantiate  the  claits  that  the  x^asured  conductivity  of  the  seeded  de- 
tonation  products  was  between  OlS  and  ll$0  eho/m«  or  that  the  gas  conductivity 
increased  with  increasing  seed  level  frook  li  to  51.  the  theoretical  work  under 
Contract  F>161$-72“C-IS»4  is  guestione'^;  however,  the  experittental  work  under 


that  program  using  back-to-back  channels  facing  a single  explosive  charge  is 
viewed  as  making  an  important  contribution  to  the  explosive  driven  MHD  generator 
technology. 
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> f rUNDAHENTAL  RESEARCH  IN 

EXPLOSIVE  MAGNETOHYDRODYNAMICS 

1.0  INTRODUCTION 

For  aboux.  fifteen  years  we  have  known  that  by  passing  the  detonation 
pr«jducts  from  a seeded  explosive  charge  through  a magnetic  field  that  short 
intense  pulses  of  electricity  could  be  produced.  From  the  very  beginning  it  was 
clear  that  the  conventional  laws  or  receipes  for  describing  the  conductivity  of 
dense,  low  temperature  plasmas  were  not  applicable  to  the  high>pressure  seeded 
detonation  products.  Early  measurements  {1,3}  showed  that  the  conductivity  was 
about  1000  mho/m  which  is  about  two  orders  of  magnitude  too  high  for  thermal 
equilibrium  ionization  of  low  ionization  potential  materials  such  as  cesium  or 
potassium  at  chemical  explosion  temperatures. 

In  an  effort  to  gain  some  understanding  of  this  conduction  mechanism  we  con 
ducted  a wide  variety  of  experiments  in  channels  of  different  shapes;  used 
different  explosive  compositions;  changed  the  chemical  and  physical  properties 
of  gases  surrounding  the  explosive  charge  and  filling  the  channel ; and  tested  a 
variety  of  low  ionization  potential  seeded  materials  in  various  chemical 
compositions  {1-7}.  While  we  still  do  not  have  a clear  theoretical  picture  of 
the  basic  conductivity  mechanism  at  higher  pressures  we  do  know  that  the  success 
ful  operation  of  the  explosive  driven  NND  generator  depends  Intimately  upon  what 
happens  to  the  seed  material  on  the  face  of  the  explosive  charge  and  that  it  is 
this  explosive  derived  plasma  that  provides  the  dominant  portion  of  the  inter- 
action with  the  magnetic  field  in  the  HHD  channel. 

In  preparing  this  report  we  have  ha<i  three  goals; 

a.  To  summarize  previous  tmrk  on  explosive  NHD  In  one  place  so  that  those 
who  are  willing  to  follow  an  Edisonian  approach  can  take  the  available  data  anu 
design  explosive  driven  MKD  generators  to  produce  pulses  of  the  size  and  shapes 
they  desire  with  a high-level  of  confidence  that  these  devices  will  perform  as 
designed,  why  try  to  re-invent  the  wheel  or  develop  elaborate  new  theories? 

b.  To  summarize  recent  work  by  others  and  to  determine  whether  these 
results  contribute  to  the  understanding  of  the  fundsmental  problems  in  e::plasive 
MUD,  and 


c.  To  clearly  outline  the  fundanentel  problems  and  suggest  areas  where 
answers  may  be  found. 

To  illustrate  the  magnitude  of  the  problems  and  the  benefits  which  could 
result  if  the  uncertainty  were  removed,  we  examine  several  potential  applications 
for  explosive  driven  HHD  generators. 

To  summarise  the  findings  of  this  report  we  conclude  that  not  much  has 
happened  in  the  past  decade.  There  have  been  experiments  {12)  which  showed  an 
increase  in  the  chemical  to  electrical  conversion  efficiency,  an  experiment  using 
a superconducting  magnet  {13),  and  a small  number  of  theoretical  or  analytical 
papers  {1-19}.  After  all  of  this  time  the  two  basic  questions  remain: 

1.  What  is  the  high-density  plasma  conductivity  mechanism,  and, 

2.  How  long  can  pulses  from  an  explosive  driven  MHO  generator  last? 

In  Section  3 of  this  report  We  conclude  that  circulating  currents  in  the 
plasma  coupled  with  a thermal  ionisation  instability  {14}  in  the  plasma  are 
probably  responsible  for  the  conductivity  observed  in  the  generator.  It  is  also 
speculated  that  the  conductivity  in  the  high-pressure,  low  temperature,  plasma 
may  be  described  as  due  to  overlapping  wave  functions  (IS).  However,  the  more 
practical  problem  of  maximum  pulse  duration  remains  unresolved.  The  circulating 
current  models  suggest  that  much  longer  pulse  lengths  can  ba  achieved,  but 
experimentel  verification  is  neaded. 


2.0  REVIEW  OF  EXPLOSIVE  DRIVEN  HHD  POWER  GENERATION 


The  first  studies  of  explosive  driven  MHD  generators  fl),  were  sponsored 
by  the  Defense  Advanced  Research  Projects  Agency  (ARPA)  in  1962.  '^hosc  studies, 
which  continued  with  an  Air  force  sponsorship  until  1966,  were  based  on  about 
700  tests  or  shots  in  four  different  sizes  of  generators  f'2-7).  in  these  testr 
a wide  variety  of  resistive  and  reactive  electrical  loads  were  used  and  a nuis>  - 
of  physical  and  electrical  pfraweters  were  investigated.  Before  procoeclir  ■'fi 
this  discussion,  it  appears  appropriate  to  describe  the  explosive-  driven  M!  .>  ven- 
erator and  review  some  of  the  findings  from  these  previous  studies. 

2.1  EXPLOSIVE  DRIVEN  MUD  GENERATOR  DESCRIPTIOH 

The  basic  components  of  an  explosive  drix-cn  MilD  generator  are  shown  m 
Figure  2.1.  A seeded  explosive  charge  is  placed  at  the  entrance  to  the  .HHD 
channel.  Detonation  of  the  charge  produces  a moving  *slug“  of  plasma  which 
travels  down  the  channel  with  an  effective  velocity,  u.  The  channel  has  a trans- 
verse magnetic  field,  The  channel  has  a width,  b.  and  an  electrical  sep- 

aration or  height,  d.  Electrodes  in  contact  with  the  moving  plasma,  of  length 
allow  currents  to  be  driven  through  an  external  load  which  has  a load  resis- 
tance. R^,  and  an  external  inductance.  L..  In  addition  to  interacting  with  the 
magnetic  field,  the  rapidly  expanding  detonation  products  interact  with  the  gases 
initially  present  in  the  channel  inducing  shock  heating  ar.d  pushing  them  down 
the  channel.  As  of  *967,  a rather  clear  physical  picture  of  what  goes  on  in  an 
explosive  driven  MHO  channel  beean  to  emerge. 

The  key  observation  was  that  the  "armature*  of  the  explosii*e  driven  HHD 
generator  is  a highly  conductive  plasma  moving  at  about  S Xm/sec  down  the 
channel.  The  conducting  cone,  a,  is  a fsw  centimeters  thick  near  the  explosive 
charge,  growing  to  about  0.2  m thick  about  a meter  fro«  the  charge.  Wear  the 
explosive  charge,#  corductivity,  c,  of  about  1100  oho/a  was  oeasured  ^l:‘. 

2«2  ElECtRlCAL  MRAHETERS 

The  following  sectiena  suMtarice  the  observations  relating  to  changes  in 
electrical  parajsetera. 

1.2.1  Initial  Hagnetic  induction, 

ic  was  Shown  that  for  nine  sejiarate  magnetic  inductions,  fron  1.2  to  2.$ 
Tesla,  in  three  different  eiaed  generators,  the  peak  power  output  scales  at  the 
sguare  of  the  magnetic  induction, 
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Figure  2.1 

GEUERALIZED  MHD  GENERATOR  CIRCUIT 


2.2.2  Pulse  Length 

Prom  six  different  sets  of  experiments  with  electrode  lengths,  <!-e' 

0.02  m to  about  1 m,  it  was  shown  that  pulse  length  varies  approximately  as  the 
electrode  length. 

2.2.3  Generator  Size 

Using  data  from  three  different  sized  linear  generators,  it  was  shown  that 
the  peak  power  varies  directly  with  the  generator  cross-sectional  area  if  the 
magnetic  induction,  plasma  velocity,  and  seed  level  are  equal. 

2.2.4  Generator  Load 

It  was  demonstrated  that  there  is  an  optimum  load  for  a generator,  and 
that  the  placement  of  the  load  was  important.  Peak  power  was  achieved  when  the 
external  load,  R^,  matched  the  apparent  generator  internal  resistance,  R^.  These 
two  observati  is  correlated  with  a model  where  the  internal  resistance  of  the 
generator,  cati  be  described  as  about -40  milliohms  per  square  of  channel 
cross-sectional  area  (which  implies  a constant  aa  product),  and  a model  where 
motion  of  the  plasma  slug  either  increases  or  decreases  the  inductance  of  the 
generator.  If  the  generator  is  connected  in  a manner  such  that  the  magnetic 
field  from  currents  in  the  electrodes  adds  to  the  static  magnetic  induction, 

Bf.,  the  effect  is  equivalent  to  adding  a negative  resistance  term  of  magnitude, 

11^ u d,  to  the  equation  describing  the  generator  behavior.  These  equations  are 
discussed  in  more  detail  later  in  the  report. 

2.3  GASDfNAMIC  PARAMETERS 

These  early  tests  clearly  disclosed  that  the  initial  gas  pressure  in  the 
channel  should  be  as  low  as  practical,  without  causing  electrical  breakdown  be- 
tween the  electrodes  and  surrounding  structures.  Tests  using  nine  different 
gases  at  pressures  from  Isss  than  0.1  Torr  to  etni>spheric  prsssure,  showed  that 
the  peak  electrical  power  output  was  essentially  independent  of  initial  gas  com- 
position, but  depended  primarily  on  initial  density.  Tests  using  helium,  neon, 
argon,  and  krypton  shewed  slightly  longer  pulse  lengths,  which  i«q>li«d  that 
shock-heated  gases  were  playing  roM  role  in  the  armature  conduction  machaniem,  . 
but  did  not  inarkadly  change  the  peak  power  output.  A review  of  soaie  of  this  data 
is  presented  in  Section  3.1.1. 

Electronegative  gases,  auch  as  SP^  or  air,  frequently  gave  better  results  be- 
cause they  prevented  electrical  breakdown  of  electrodee  to  the  channel 
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end-fla»-^ge8 . It  was  quite  clear  that  the  primary  conduction  path  for  the  current 
was  through  the  plasma  slug  and  that  operation  of  the  generator  was  almost  inde- 
pendent of  the  chemical  or  ionization  properties  of  the  gases  initially  in  the 
channel.  The  major  role  played  by  these  gases  is  that  they  represent  a mass 
which  must  be  accelerated  by  the  detonation  products  as  they  sweep  down  the 
channel. 

2.4  EXPLOSIVE  PARAMETERS 

Five  different  explosive  compositions  were  used;  PETN,  RDX,  HMX,  ?3X,  and 
Composition  C-4,  which  is  RDX  with  a mineral  oil  binder.  The  results  appeared 
to  be  independent  of  chemical  composition,  i.e.,  oxygen  balance;  and  depended 
upon  physical  parameters  such  as  detonation  velocity  and  energy  release.  The 
explosive  loading  density  investigated  went  from  2 to  16  Kg/m  of  channel  area 
in  seven  steps.  The  optimum  range  appeared  to  be  12  Kg/m  , i.e.,  further  in- 
creases in  loading  density  did  not  increase  the  peak  power  output  from  generators 
of  the  lengths  covered  in  these  studies. 

2.5  SEEDING  PARAMETERS 

Three  separate  seeding  elements  were  investigated;  cesium,  potassium,  and 
sodium,  as  picratas,  nitrates,  and  chlorides.  The  chemical  form  of  the  seeding 
compound  was  usually  unimportant.  Both  surface  seeding  and  bulk  seedings  were 
investigated.  The  conclusions  were  that  seed  placement  was  important,  i.e., 
surface  seeding  was  apparently  superior  to  bulk  seeding.  Additional  data  on  the 
subject  of  surface  seeding  versus  bulk  seeding  is  given  in  Section  3.1.2  of  this 
report.  In  most  experiments,  cesium  salts  and  potassium  salts  gave  almost 
identical  results.  An  optimum  surface  seed  level  was  Identified.  Further 
increases  in  seed  levels  did  not  increase  the  apparent  conductivity,  but  slowed 
down  the  expansion  of  the  detonation  products,  thus  reducing  the  peak  current 
generated. 

2.6  HAJOR  PROBI.EH  AREAS 

At  the  conclusion  of  the  above  referenced  studies,  there  appeared  to  be  a 
clearly  defined  set  of  parameters  which  could  be  used  to  design  explosive  driven 
NHD  generators  to  produce  high-power  pulses  over  a broad  spectrum  of  pulse 
le.igths.  The  stajor  uncertainties  at  that  time  vi^ret 

1.  tihat  is  the  basic  conduction  aeohanism  in  the  seeded  detonation 
products? 
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2.  What  is  the  reason  for  the  apparent  high  internal  inductance  of  the 
MHD  plasma  Slug? 

3.  What  is  the  maximum  length  pulse  which  can  be  produced  in  an  explosive 
driven  MHD  generator? 

The  objectives  of  our  present  study  were  to  examine  the  first  two  questions. 
Our  approach  has  been  to  critically  review  previously  published  analytical  and 
experimental  work  on  explosive  driven  MHD  generators,  and  to  conceptually  in- 
vestigate various  mechanisms  which  could  lead  to  the  observed  physical  results. 
The  question  of  a maximum  pulse  length  for  explosive  driven  MHD  generators  can 
only  be  answered  by  experiment.  As  we  will  see  in  Section  4,  many  applications 
require  pulse  lengths  half  an  order  of  magnitude  longer  than  pulses  that  have 
previ  jsly  been  demonstrated.  Having  arrived  at  a position  where  we  dimly  under- 
stand what  goes  on  in  short  generators,  more  experimental  data  is  needed  to 
extrapolate  these  concepts  out  in  time  and  space,  as  the  detonation  products  ex- 
pand. Determination  of  long  duration  pulse  experimental  data  should  be  one  of 
the  next  major  goals  in  the  study  of  explosive  driven  MHD  generators. 


3.0  ANALYTICAL  STUDIES  ON  EXP7-X)S1VE  DRIVEN  MHD  GENERATORS 


3.1  REVIEW  OF  PREVIOUS  DATA 

Several  recent  authors  have  ex^unined  explosive  driven  MHD  generators  {8,11}. 
In  analyzing  their  work,  which  is  reviewed  in  Appendix  A,  it  became  apparent  that 
certain  fundamental  facts  were  being  overlooked.  It,  therefore,  appears  appro- 
priate to  re-interpret  some  of  the  earlier  data  and  present  clear-cut  examples 
of  the  questioned  physical  phenomenon  from  unpublished  data. 

3.1.1  The  Role  of  Shock-Heating  in  the  Explosive  Driven  MHD  Generator 

One  of  the  frequently  addressed  assumptions  is  that  the  conductivity  is 
caused  by  shock-heating  of  gases  originally  in  the  channel  and  that  proper 
manipulations  of  the  shock  relationships  will  yield  answers  relating  to  the  ex- 
pected behavior  of  the  explosive  driven  MHD  channel. 

As  discussed  in  Section  2,  the  body  of  experimental  evidence  is  that  the 
MHD  interaction  is  primarily  with  the  seeded  detonation  products.  Table  III-l 
presents  data  on  a series  of  tests  in  the  4”  x 1"  channel,  using  two  surface 
seeded  60^  cone  charges,  where  the  gas  type  and  initial  pressure  were  varied  in 
a systematic  fashion  to  demonstrate  the  relationships  between  the  MHD  inter- 
actions and  the  shock-heating  of  the  gases  originally  in  the  channel.  The 
magnetic  induction  was  2.3  Tesla  and  the  initial  pressure  ranged  from  1 Torr  to 
200  Torr  for  this  series  of  shots.  While  the  data  in  this  series  only  goes 
down  to  1 Torr,  another  series  of  tests,  run  at  lower  pressures,  down  to  30 
microns,  showed  that  the  channel  behavior  below  1 Torr  Initial  pressure  was 
essentially  independent  of  pressure,  providing  electrical  breakdown  did  not 
occur.  These  tests  are  discussed  in  detail  in  {4}.  Unfortunately,  the  data 
notebooks  for  those  tests  ere  not  available  and  further  analysis  is  not 
possible. 

The  peak  current  achieved  in  these  shots  using  load  resistors  of  6.9,  18, 
and  3S  milliohns,  is  shown  in  Figure  3.1  for  helium  and  argon  gases  as  n function 
of  the  initial  pressure.  It  ia  seen  that  the  highest  current,  and  hence,  the 
highest  power  outputs,  were  achieved  at  the  lowest  pressures. 

8os«  understanding  can  be  gained  by  examining  the  change  of  pulse  length 
as  a function  of  initial  pressure. 
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TABLE  IIl-l  DATA  FROM  TESTS  IN  1"  X 4"  EXPLOSIVE  DRIVEN 
MHD  GENERATOR  USING  HELIUM  AND  ARGON  AT 
VARIOUS  PRESSURES  AS  THE  INITIAL  FILLING 
GAS.  B = 2.3  Tesla,  2-60°  CONE  CHARGES, 

200  mg  Cs  PICRATE  SURFACE  SEED. 


Ref.  No . 

Gas 

Pressure 

(Torr) 

«L 

(Ohms) 

I 

max 

(kA) 

V 

max 

(Volts) 

peak 

(nsec) 

T 

f 

(iisec) 

15 

He 

10 

0.035 

17.0 

900 

23 

- 

16 

He 

30 

0.0069 

46.0 

3 80 

53 

45 

17 

He 

100 

0.0069 

30.0 

220 

54 

44 

18 

He 

30 

0.025 

17.1 

800 

33 

40 

19 

He 

JOO 

0.024 

20.9 

630 

33 

42 

20 

He 

30 

0.024 

18.2 

620 

36 

44 

21 

He 

10 

0.024 

22.5 

720 

24 

40 

22 

He 

30 

0.024 

23.6 

810 

27 

40 

23 

He 

100 

0.024 

23.0 

700 

29 

40 

25 

Ar 

10 

0.0069 

39.6 

290 

40 

56 

26 

Ar 

30 

0.0069 

38.6 

295 

46 

59 

27 

Ar 

60 

0.0069 

36.4 

275 

49 

66 

28 

Ar 

100 

0.0069 

25.7 

205 

46 

68 

29 

Ar 

200 

0.0069 

18.2 

140 

39 

74 

30 

Ar 

10 

0.018 

25.0 

600 

37 

50 

31 

Ar 

30 

0.018 

22,5 

540 

38 

52 

32 

Ar 

60 

G.018 

20.0 

480 

38 

56 

33 

Ar 

100 

0.018 

18.2 

385 

32 

60 

34 

Ar 

200 

0.018 

13.9 

280 

38 

70 

36 

Ar 

10 

0.035 

16.6 

720 

21 

48 

68 

Ar 

10 

0.035 

18.2 

860 

21 

30 

37 

Ar 

30 

0.035 

15,5 

600 

20 

51 

38 

Ar 

6C 

0.035 

14.5 

720 

21 

50 

39 

Ar 

100 

0.035 

12.8 

«>50 

24 

61 

40 

Ar 

200 

0.035 

11.2 

450 

27 

75 

62 

He 

10 

0.0069 

49.2 

180 

45 

43 

82 

Ar 

1 

0.0069 

47.0 

380 

16 

42 

83 

Ar 

1 

0.018 

30.2 

740 

22 

43 

63 

He 

10 

0.018 

26.6 

720 

27 

44 

64 

He 

10 

0.018 

21.9 

710 

36 

41 

66 

He 

10 

0.035 

19.3 

960 

18 

41 

r 

[ 


! 

L 

[ 

[ 

I 

[ 
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figure  3.2  shows  the  time  of  peak  current,  and  the  time  at  which  the 
current  starts  to  fall  rapidly  (presumably  when  the  conductive  region  leaves 
the  ends  of  the  electrodes),  plotted  as  a function  of  initial  pressure  of  helium 
or  argon  in  the  generator  with  a 6.9  milliohm  load.  It  is  seen  for  this  low- 
load  resistance  that  a low  pressure  -f  argon,  1 Torr,  results  in  the  current 
reaching  its  peak  earlier  and  starting  to  fall  earlier.  This  indicates,  indeed, 
that  there  is  shock  heating  of  the  argon  which  produces  a conducting  region. 
However,  the  peak  current,  due  to  both  the  seeded  detonation  products  and  the 
shock-heated  argon,  is  not  greater  than  that  due  to  the  seeded  detonation 
products  alone.  As  the  initial  argon  pressure  is  increased,  the  peak  current  is 
reduced  and  the  time  scale  of  the  pulse  becomes  longer. 

The  lengthening  of  the  pulse  and  reduction  in  peak  current  at  the  higher 
pressures  is  compatible  with  a model  where  the  residual  gases  slow  ouwn  the 
plasma  slug  by  increasing  its  mass.  However,  in  the  intermediate  region,  there 
is  a suggestion  that  currents  in  the  shocked  argon  allow  joule  heating  which  in- 
creases the  conductivity.  This  can  be  seen  in  Figure  3.3,  which  is  a V-I  plot 
showing  the  peak  currents  plotted  along  each  resistance  line  for  the  various 
initial  pressures  of  helium  and  argon.  It  can  be  seen  that  for  the  shots  with 
100  and  200  Torr  of  argon  initially  in  the  channel,  the  net  effect  is  to  decrease 
the  apparent  open-circuit  voltage  from  1100  V to  about  800  V and  to  increase  the 
apparent  generator  internal  resistance  from  12  milliotuns  to  about  23  milliohms 
for  the  100  Torr  case  and  to  38  milliohms  for  the  200  Torr  case.  This  increase 
could  come  about  through  cooling  and  through  a reduction  in  the  time  rate  of 
change  in  inductance  term  (dL/dt  « p^ou  d/b) . 

At  the  intermediate  pressures,  10  Torr  to  60  Torr,  there  is  the  suggestion 
that  when  the  load  resistance  is  reduced,  and  thus,  increasing  the  current 
through  the  generator,  the  current  heats  the  gas  causing  a change  in  the  apparent 
internal  resistance.  At  the  lower  pressures,  1 Torr,  helium  and  argon  give 
essentially  the  same  results. 

Unfortunately,  only  a few  shots  were  token  at  1 Torr.  However,  it  can  be 
seen  that  the  helium  and  argon  data  coverage  at  the  lower  pressures.  The  impor- 
tant observation  is  that  for  the  load  range  of  power  production  interest,  i.e., 
the  20  to  30  milliohm  loads  (see  Figure  3.1),  the  shock-heating  is  apparently  not 
important,  and  tite  role  of  the  gaa  as  an  insulator  to  prevent  electrical  break- 
down becomes  more  iteportant  in  producing  a successful  power  pulse  than  its  con- 
tribution to  electrical  conduction. 
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We  conclude  that  although  shock-heating  effects  can  be  observed  in  the 
operating  regimes  of  interest,  the  primary  conduction  path  in  the  expiosive 
driven  M!!D  generator  is  through  the  seeded  detonation  products. 

3.1.2  Buik  Seeded  Explosives 

The  question  as  to  the  best  place  to  put  the  seeding  in  an  explosive 
driven  MHU  generator  appears  to  be  unclear  to  some  investigators.  The  original 
studies  il),  compared  24%  bulk  seeded  PBX  (Plastic  Bonded  Explosive)  charges  with 
surface  seeded  RDX  charges  in  the  1"  x 1"  generator  and  concluded  that  the  bulk 
seeded  charges  might  be  superior.  However,  because  of  the  difference  in  the 
mass  of  explosive  in  the  two  charges,  .e.,  the  PBX  was  heavic.;,  the  results 
were  uncertain  and  could  have  been  just  due  to  the  fact  that  mere  explosive  was 
used.  It  was  also  shown  that  the  combination  of  bulk  seeding  and  surface  seed- 
ing were  the  least  desirable  for  those  cases  investigated. 

Data  is  available  for  tests  of  bulk  seeded  charges  which  were  performed 
under  more  carefully  controlled  conditions  than  those  original  tests. 

The  tests  were  made  with  PB."  charges  fabricated  with  6,  12,  18,  and  24% 
cesium  nitrate.  Two  methods  were  ised  in  evaluating  the  charges:  (a)  their 

effectiveness  in  producing  pulses  of  power  when  driving  an  MHD  channel,  and  (b) 
the  peak  current  and  current  decay  rate  when  driving  a short-circuited  generator. 
In  the  latter  tests,  controlled  levels  of  surface  seed  were  used  on  the  various 
bulk  seeded  charges  so  that  a surface  seed  equivalence  could  be  used  in  evaluat- 
ing the  bulk  seeding.  These  data  are  shown  in  Table  I I 1-2. 

Fig-.'re  3.4  shows  the  performance  of  the  1"  x 4*  generator  using  single 
charges  with  a magnetic  Induction  of  1.3  Tesla  and  2 Torr  of  air  in  the 
channel.  It  is  clear  that  the  speciallv  made  bulk  seeded  PBX  charges  do  not 
have  the  reproducibility  that  is  observed  with  the  commercially  available  ROX 
charges.  This  is  particularly  notrecable  in  the  short-circuit  shots  where  the 
variations  in  the  peak  current  loc  the  RDX  shots  is  about  10%  (which  is  larger 
than  the  normal  variation  of  a few  percent),  while  the  buik  seeded  charge  current 
variation  may  bo  &0I.  It  is  seen  that  for  all  load  resistances  used,  the  RDX 
charge  surface  seeded  with  200  mg  of  cesium  picrate  produced  a higher  peak 
current  than  the  bulk  seeded  charges.  There  is  a suggestion  from  this  data  that 
tne  18%  seeding  produces  slightly  more  conductive  detonation  products  than  the 
other  buik  seeded  charges. 
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One  area  of  unusual  behavior  was  noted  in  the  low-load  resistance  regime 
where  lowering  the  resistance  did  not  result  in  a further  increase  in  current. 
This  results  in  sort  of  a “bending  back"  of  the  V-I  curves  shown  in  Figure  1.3. 
However,  if  the  amount  of  seed  used  is  increased,  either  by  using  two  surface 
seeded  charges,  or  increasing  the  seed  used  on  one  charge,  the  short  circuit 
current  increases.  The  oscilloscope  traces  for  these  shots  show  that  the  basic 
change  in  the  pulse  as  the  seed  l^vol  is  increased  is  to  increase  dl/dt  through- 
out the  rising  part  of  the  current.  Since  everything  else  has  remaiaet  constant, 
the  major  conclusion  that  can  bo  drawn  is  that  the  seed  lavel  controls  the  gen- 
erator internal  inductan cc  much  more  than  it  controls  its  internal  resistance. 
This  fact  had  previously  escaped  notice  because  all  internal  inductance  measur- 
ing tests  had  been  performed  with  standard  seeding  conditions. 

Further  insight  on  the  relationships  between  surface  seeding  and  bulk 
seeding  c<i  be  gained  by  examining  what  happens  when  surface  seeding  is  added  to 
bulk  seeding  charges  in  a short  circuit  generator  experiment.  Here  wo  have  two 
somewhat  independent  measure.s  of  the  plasma  conductivity,  the  peak  current  and 
the  rate  at  which  the  plasma  current  dies  away,  which  is  expressed  in  terms  of 
the  e- folding  titse  constant,  t.  While  there  may  bo  some  mechanism  limiting  the 
current  build-up  rate,  the  current  decay  rate  should  be  relatively  free  from 
these  influences  and  be  more  representative  of  the  eonduetivit Figure  5.S 
shows  the  peak  current  achieved  as  a function  of  the  amount  of  surface  seeding 
used . 

St  can  seen  that  the  peak  current  produced  by  the  bare  bulk  se^tded 
charged  was  leaii  tp.an  the  peak  current  produced  by  the  hDX  charges  surface 
needed  with  2^  of  cesium  picrate.  it  is  also  ^cen  that  when  cesium  picrate 
in  amaU  amounts  was  surface  seeded  on  the  bulk  seeded  charge,  the  peak 
currents  were  hi^^her  than  the  same  amount  of  surfa.ee  seeding  on  the  plain 
charts-,  kt  the  Sdt?  level,’  tlse  ISt  buife  seeded  charge  end  the  surface  seeded 
plain  Che rud  were  Pdaid  Cdwlvalsmt.  At  hii^her  surface  seeding  levels,  the  sur- 
face seeded  '"plain'*’  charges  were  superl-irr  to  the  bulk  seeded  charges. 

the  reason  tm  this  api^rent  adverse  reactl^  tietween  surface  seeding 
and  bulk  s«edi.ng  'is  net  krusun  and  represents  an  important  area  for  future 
invest igatioiii  dually  p.,2r!lne  is  the  reason  why  the  ISt  bulk,  seeded  charges 
appear  to  he  superior  to  <^he  other  bulk  seed  levels  investigated.  &ne 


tentative  suggestion  is  that  the  manufacturer  mislabeled  the  charges  and  that 
the  18%  charges  were  really  the  24%  bulk  seeded  charges.  Unfortunately,  the 
residual  charge  inventory  was  destroyed  and  chemical  examination  to  support  this 
conclusion  is  not  possible. 

The  current  decay  time  constants  from  these  experiments  are  shown  in 
Figure  3.6.  In  principle,  the  current  decay  time  in  an  inductive-resistive 
circuit  will  be  proportional  to  the  plasma  conductivity.  The  effect  of  seed 
level  on  current  decay  rates  was  examined  in  detail  in  (4).  It  is  seen  that  for 
the  surface  seeded  charges  the  decay  time  constant  increases  with  seed  level, 
indicating  an  increase  in  plasma  conductivity. 

We  see  for  the  bulk  seeded  charges  that  surface  seeding  increases  tne 
decay  time  constant,  but  in  all  cases  with  surface  seeding  greater  than  about 
100  mg  per  charge  the  decay  time  constant  for  the  bulk  seeded  charges  is  less 
than  that  which  would  have  been  obtained  if  the  same  amount  of  surface  seeding 
had  been  used  on  an  unseeded  charge.  Variation  of  the  decay  time  constant  for 
the  bulk  seeded  charges  in  the  range  between  200  mg  and  700  mg  is  another 
reason  for  suspicion  that  the  18%  and  24%  charge  composition  labels  had  been  re- 
versed. In  the  range  below  100  mg  of  surface  seed,  the  data  is  more  difficult 
to  interpret.  One  clear-cut  conclusion  that  can  be  drawn  is  that  surface  seed- 
ing in  excess  of  100  mg  per  charge  was  superior  to  any  bulk  seeding  investigated. 

We  conclude  that  for  most  applications,  surface  seeding  of  the  explosive 
charge  should  be  superior  to  bulk  seeding.  There  is  apparently  a complex  re- 
action between  the  surface  seeding  materials  md  the  bulk  seeded  charges. 

Possible  reasons  for  this  interaction  may  be  in  the  chemistry  of  the  explosives, 
i.o.,  in  this  case  RUX  was  used  for  the  unsoedod  charges  and  POX  was  the  base 
for  seeded  charges.  Further  experimental  work  is  very  definitely  needed  to  sort 
out  and  confirm  the  various  effects  before  further  analytical  work  can  be 
initiated  to  explain  these  differences. 
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Figure  3.6 
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3.2  CIRCUIT  ANALYSIS 


There  have  been  a number  of  analytical  studies  of  explosive  driven  MHD  gen- 
erators 18,  9,  11,  13).  In  a number  of  these,  the  analysis  is  presented  in  terms 
of  the  "magnetic  Reynolds  number",  > which  is  defined  by  the  non-dimensional 
set  of  parameters  as 

R = U uax  (1) 

m 

where  u ^ = permeability  of  free  space,  u,  is  the  velocity,  a,  the  conductivity, 
and  X is  a representative  dimension  in  the  direction  of  the  velocity,  u.  As  we 
shall  see  below,  this  dimensionless  number  occurs  naturally  in  the  description 
of  the  diffusion  of  magnetic  flux  into  a moving  conductor.  However,  care  must 
be  used  when  the  magnetic  Reynolds  number  concept  is  applied  to  the  explosive 
driven  MHD  generator.  For  example,  the  condition  R^  = 1,  can  be  interpreted  in 
terms  of  the  magnetic  fields  induced  in  the  plasma  being  of  the  same  order  of 
the  applied  magnetic  field,  however,  this  can  only  happen  if  there  is  some 
path  for  the  induced  current.  The  analysis  must  therefore  account  for  the 
electrical  field  caused  by  the  output  current  flowing  through  the  external  load 
when  determining  the  magnitude  of  the  induced  magnetic  fields.  This  moans  that 
it  is  not  the  plasma  conductivity,  a,  but  a combination  of  the  plasma  con- 
ductivity and  the  electrical  field,  E,  due  to  the  external  loan  which  determines 
the  current  flow  in  the  plasma. 

In  a generalized  expression,  we  must  use  an  external  impedance,  to  deter 
mine  the  electric  field  duo  to  the  load,  and  hence,  its  time  varying  influence 
on  the  currents  and  magnetic  field  in  the  plasma  slug.  The  message  is  chat  in- 
doscriminatc  use  of  in  parametric  studios  <nay  tend  to  ohscure  what  is  actually 
going  on  in  the  explosive  driven  MHO  channel. 

One  of  the  interesting  prohlemn  in  explosive  driven  MUti  generator  theory  is 
how  to  handle  the  induced  magnetic  fielda.  In  the  low  magnetic  Reynolds  number 
approximation,  the  plastaa  is  viewed  as  a long  flat  conductor  of  width  b,  and 
thickness  a,  carrying  a current,  I.  The  normal  assumption  is  that  the  current 
density,  j,  will  be  uniform  and  is  given  as 

3-1  ii) 

Neglecting  end^effeots  (a  one  dimensional  approximation),  the  induced 
magnetic  field,  is  found  from  Maxwell ‘u  equation. 
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(3) 


SB 

W = -Vo^ 

Under  the  assumption  that  the  current  density,  j,  is  constant,  we  can  integrate 
and  apply  the  appropriate  boundary  conditions  to  arrive  at  a solution  which  has 
= 0 at  the  center  of  the  plasma,  with  induced  magnetic  fields  which  increase 
the  magnitude 

B,  = i ^*01  (4) 

2b 

on  the  surface  of  the  conductor.  The  net  change  in  B,  i.e,  AB,  when  passing 
through  the  plasma  is  twice  this  value. 

While  nothing  we  have  done  this  far  is  unusual,  we  note  that  in  the  plasma 
slug  of  an  explosive  driven  MHD  generator,  the  current  density,  j,  is  probably 
not  uniform.  There  are  two  basic  reasons  for  the  non-uniformity;  fa)  the  plasma 
may  have  a non-uniform  velocity  distribution,  and  (b) , with  high  interaction 
parameters,  the  magnetic  fields  produced  by  the  induced  currents  can  cancel  out 
the  applied  magnetic  field  in  the  interior  of  the  slug.  Both  of  these  effects 
will  be  examined. 

Because  the  front  and  back  of  the  plasma  slug  move  at  different  velocities, 
a circulating  current  must  he  set-up  within  the  plasma  slug  when  it  is  in  a 
magnetic  field.  The  same  sort  of  circulating  current  can  be  set-up  if  the 
plasma  slug  is  originally  outside  of  the  magnetic  field  region,  and  then  passed 
through  a field  gradient  into  the  constant  field  region.  These  two  effects, 
either  the  velocity  gradient  or  the  magnetic  field  gradient,  induce  unequal 
voltages  at  the  front  and  back  of  the  slug.  Circulating  current*  flow  from  the 
plasma  to  the  conductive  metallic  electrode  boundary,  then  back  into  the  plasma 
at  the  other  end,  creating  a current  distribution  which  forces  th*  plasma 
potential  to  m^teh  th-  eguipotential  established  by  the  coAduotive  boundary 
surface.  With  the  plasma  slug  in  the  channel,  the  peak  circulating  current 
density  at  the  plasma  surface,  produced  by  a velocity  differential,  AV,  is 
given  by 

j,  • 0 B lo’  . 2K1Q*  . a • vo'  (si 

2 

Correspondingly,  a slug  0.02  m long  traveling  through  s region  with  a sagnetic 
field  gradient  of  20  Tesla/e,  would  have  a circular  ing  current  density  at  tiia 
surface  of, 

22 


(6) 


ji  = ou  AB  = 10  . 8x10  . 0.4  = 1.6x10  A/m 

r T" 

which  is  the  same  order  of  magnitude  as  the  current  density  due  to  velocity 
differential. 

Assuming  that  the  current  density.  ji»  is  not  large  enough  to  cause  joule 
heating  which  would  result  in  a non-uniform  conductivity  distribution,  the  cir- 
culating current  density  due  to  differential  motion  or  magnetic  gradients,  would 
be  linear  from  +ji  at  the  front,  falling  through  zero  at  the  center  of  the  slug, 
going  to  -jj  at  the  rear.  These  two  effects  are  independent,  and  hence,  additive. 

There  is  the  possibility  that  these  circulating  currents  acting  on  a low 
temperature  (3000°  K)  low  conductivity  (100  mho/m) , high  pressure  (300  atm) 
alkali  metal  plasma  could  produce  a high  conductivity  (1000  mho/m)  surface 
layer.  Unfortunately,  the  indicated  heating  rates  are  about  two  orders  of 
magnitude  too  low  to  explain  the  observed  high  conductivity. 

One  other  potential  mechanism  to  explain  the  high  conductivity  may  be  the 
“T-layer"  observed  in  explosive  driven  shock  tube  experiments  (14).  The  descrip- 
tion of  a T-layer  is  that  if  the  electrical  conductivity  of  the  medium  increases 
with  an  increase  in  temperature  and  a perturbation  occurs  which  causes  the 
electrical  current,  which  is  flowing  through  it  while  in  a magnetic  field,  to 
increase  the  joule  dissipation  such  that  an  increase  in  temperature  occurs,  then 
this  perturbation  will  develop  into  a T-layer.  This  is  in  essence  a thermal 
instability  of  the  type  which  usually  causes  arcs  to  form,  but  in  this  case 
whore  there  is  a transverse  magnetic  field,  it  appears  as  a layer.  The  authors 
U4)  describe  the  currants  necessary  to  initiate  the  T-layer  <17  kA)  as  only 
slightly  greater  than  the  eddy  currents  appearing  in  the  region  where  the  magnetic 
field  is  not  uniform  (-10  kA) . Figure  3,7  which  is  reproduced  from  U4j  shows 

^ i 

the  T-layor  starting  to  grow  fro®  an  initial  current  density  of  J x 10  A/m  . 

We  conclude  that  a thermal  instability  mechanism  similar  to  the  7-layer  un- 
ooubtedly  plays  a dominant  role  in  some  of  the  extteriments,  i.e.,  the  inter- 
mediate pressure  argon  experiments  described  in  Section  3.1.1  where  the  current 
voltage  relationship  goes  non-linear.  However,  we  must  note  that  our  original 
conductivity  measurements,  Figure  3,17  of  Ui,  which  were  made  without  any 
magnetic  field,  gave  conductivities  of  the  order  of  1000  mho/«.  We  must  there- 
fore conclude  that  while  T-layer  effects  contribute  to  the  conduction 
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Figure  3.7 

TIKE-SPACE  DIAGRAM  FOR  THE  MOVEMENT  OF  PLASMA  IN  A MAGNETIC 
FIELD  AND  CURRENT  DENSITY  DISTRIBUTION) 

A-I-FRONT  OF  A REFRACTED  WAVE) 

2-FRONT  OF  LUMINESCENCE) 

3-BOUKOARY  OF  THE  NWELECTROCONDUCTIVE  ZONE) 

B-1-12  MICROSECONDS  FRCP*  THE  START  OF  THE  CURRENT) 

2-24)  3-3S)  4-48}  5-80)  6-72)  7-84. 

(After  Asinovekii,  et  al  U4}) 


mechanism  responsible  for  the  observed  conductivity  in  seeded  detonation 
products  when  in  an  MHD  generator,  they  are  not  the  mechanism  which  causes  the 
initial  conductivity. 

A second  effect  which  may  be  important  is  the  tendency  for  the  plasma  slug 
to  maintain  u constant  magnetic  flux  within  its  boundaries.  Assuming  that  the 
slug  is  formed  in  a field-free  region  and  then  is  rapidly  passed  into  a region 
containing  a magnetic  field,  the  plasma  appears  diamagnetic  in  that  a system  of 
currents  is  induced  in  the  edges  of  the  slug  to  cancel  out  the  flux  in  the 
interior  trying  to  keep  the  net  flux,  ii,  equal  to  zero.  In  this  case,  the  ap- 
plication of  Maxwells  equations  and  Ohms  law  gives 

3B  = -u  j *-U  UCB  (7) 

ax 

With  the  plasma  in  contact  with  the  electrodes  we  have  the  one  dimensional 
solution 

B = B exp(-u  uox)  (8) 

e 0 

Where  is  the  external  magnetic  field.  This  then  requires  that 

j (x)  = uoBjjOxp(-u^jUOx)  (9) 

The  surface  current  density  per  unit  width,  jg,  is  obtained  from  integrating 
with  respect  to  x 

i.  • ucB-  f /exp<-u^u<Jx)dx)  = -B  (10) 

s e cj  o e 

This  result  is  valid  if  the  dimension  of  the  slug,  a,  is  such  that  the  quantity 
exp  :-u,^^ua)  is  small.  •>  8^  if  no  currents  are  flowing  through  the  external 
load  circuit. 

The  first  comment  we  can  make  is  that  the  current  density  along  the  edge  of 
the  plassta  slug  (x  > 0)  can  be  as  high  as 

J(0)  • auQj,  ' 10*.  8 X 10*.  2 ■ 1.0  X 10  A/»”  (11) 

As  we  luive  seen  above  tl4>,  the  T-layers  are  observed  starting  at  current 

< i 

densities  of  about  1 x 10  A/«  . we  can,  therefore,  postulate  that  with  initial 
conductivities  as  low  as  200  s&ho/s)  local  joule  heating  due  to  tne  plasr^a  dia> 
taagnetic  effect  can  be  sufficient  to  increase  the  conductivity  to  the  observed 
values  within  the  titoe  scale  of  the  exfxaritaent.  The  rate  of  heating  depends 
linearly  on  c,  hence,  as  T increases,  so  does  '^«  therefore  the  rate  will 
accelerate.  Correspondingly,  we  sight  observe  that  the  plasaa  diotaagnetic  effect 
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is  one  mechanism  which  could  maintain  high  surface  conductivities  as  the  plasma 
expands  while  it  moves  down  the  channel.  We  may  note  that  the  current  couple 
necessary  to  maintain  the  diamagnetic  effect  is 

-^dm  ° ®o  ^ 10*  A/®  <12) 


For  our  1"  x 4"  channel  measurements,  this  current  couple  would  be  t 40  kA, 
which  is  of  the  order  of  magnitude  of  the  observed  load  current.  This  analysis 
implies  that  most  of  the  diamagnetic  current  is  carried  in  a band  at  the  front  and 
rear  of  the  slug,  whose  thickness,  is  given  as 


C - 1 


(13) 


If  we  assiune  that  this  current  couple  is  carried  in  a loop  of  dimensions  a long 

by  d high,  and  b deep,  with  the  resistance  produced  by  the  two  bands  C thick, 

2 a 

the  current  decay  time  is  1/2  Uq  c au  which  is  of  the  order  of  1 msec  for  these 
conditions. 


The  current  density  in  the  plasma  slug  when  the  generator  is  under  load  is 
also  of  interest.  If  we  neglect  the  gradient  and  diamagnetic  effects  and  assume 
a uniform  slug  moving  at  a uniform  velocity,  we  have 

'JB  -U  j o(uB-E)  (14) 

^ o 0 

where  E » V/d,  is  the  field  due  to  the  load.  Rearranging  terms  wc  get  the 
equation 

^ ♦ U,.«uB(x)  • U-CE  (15) 

which  haa  the  solution 

B • E (l-CKp(-<»X))  ♦ B,cxp(>4x)  (16) 

u 

whore  B.  • ? Bj,  (17) 

and 

a I (18) 

and  is  the  field  at  tho  surface  of  the  plasma  due  to  the  load  circuit. 

This  is  similar  to  the  results  derived  by  Sln)tovich  and  Krylova  (11).  When 
E w 0,  i.o.,  the  short'^ircuit  case,  the  field  in  the  front  of  the  slug  is  given 
as 

8 » OjOxpC'otix)  (18) 

and  the  field  at  the  rear  of  the  slug,  nay  or  suiy  not  equal  0^,  dependittg 

2« 
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upon  the  total  anrount  of  flux  available  for  the  experiment  and  its  distribution 
inside  and  outside  of  the  generator  {1-19}. 

In  a load  circuit  where  the  electrodes  are  broad  flat  conductors  which 
represent  a single  turn,  and  the  channel  width,  b,  is  greater  than  the  height, 
d,  the  load  circuit  magnetic  field  is  given  as 


When  the  generator  is  connected  such  that  the  system  inductance  increases 
with  time,  the  field  at  the  rear  of  the  slug,  B2,  is 


(20) 


- B,  - B,_,  - u I 


(21) 


L o jj 

When  considering  circulating  currents  and  the  diamagnetic  effect,  we  note  that 
the  current  screening  out  the  field  at  the  roar  of  the  slug  is  generated  by  the 
front,  and  that  the  current  path  appears  to  be  in  parallel  with  the  external 
load.  The  field  inside  of  the  rear  of  the  slug  is  given  as 

B = Bs  exp  {a(a-x) ) (22) 

Wo  therefore  have  the  situation  where 

- g + (21) 

is  the  current  density  in  the  front  of  the  slug,  j-  the  current  density  in 
the  roar,  and  the  current  density  is  zero  at  the  (loint,  c.  We  know  from  (10) 
that  for  the  full  diamagnetic  effect  the  second  integral  is  The  first 

integral  is  evaluated  by  substituting  the  appropriate  value  of  B from  equation 
(16),  and  noting  that 

E - (24) 

d 

to  obtain 

d-o””*)  ■ tf  J.  ♦ B* 

If  uc»i,  we  then  have 
ca^  - Bit 


(2$) 
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We  teay  further  note  that  eince  the  front  and  rear  of  the  real  plasma  slug 
have  different  velocities,  the  magnetic  diffusion  length  in  the  slug  is  a func- 
tion of  position,  even  if  the  conductivity  is  constant.  Some  authors  would  inter- 
pret this  by  saying  the  back  and  the  fro.*tt  of  the  slug  have  different  '‘ttagnetic 
tteynoids  numbers*. 


2? 


This  means  that  both  u and  B in  equation  (14)  are  functions  of  x.  We 
describe  the  variation  in  velocity  as 

u a Uj(l-Bx)  (27) 

whore  the  velocity  ratio  u,./u£  = ij/.  so  that 

B a (l-l(l)  (23) 

~a~ 

where  a is  the  plasma  slug  thicicness.  Substituting  in  (14)  we  have 

If  = -Uoi  =-n<,o(Uf(l-Bx)B(x)-E)  (29) 

which  has  the  solution 

S 2 

B a exp{ u„0Uf (x-Bx) ) (u  oE/exp{-p  ou, (x-6x  ) )dx  + c)  (30) 

^ ^ 2 ^ ^ ^ ? 

which  can  be  evaluated  in  terms  of  er£(ix). 

We  can  see  that  the  velocity  gradient  has  the  effect  of  increasing  the 
diffusion  of  flux  into  the  conducting  slug,  but  not  reducing  the  surface  current 
density. 

The  currant  distributions  which  we  have  postulated  should  be  measurable  with 
careful  magnetic  probe  or  optical  spectroscopy  techniques.  Details  of  the  current 
structure  of  the  nature  of  those  shown  in  {14}  provide  valuable  insight  into 
the  conduction  .mechanism.  While  these  mechanisms  may  be  responsible  for  the 
maintenance  of  the  electrical  conductivity,  they  do  not  appear  to  provide  an 
adequate  explanation  for  the  conductivity  observed  in  the  absence  of  a magnetic 
field.  To  answer  this  aupoet  of  the  problem,  wo  may  note  that  theoretical  work 
by  Alexeev  (IS)  and  experimental  work  by  Kulik  (16}  show  high  conductivities  in 
high  pressure  (100  - 1000  atm)  'esiua  plasmas  in  the  temperature  range  of 
interest.  An  overlapping  wave  function  mechanism  described  by  Alexeev  could  be 
responsible  for  the  conductivity  of  the  needed  detonation  products  in  the  rsgion 
near  the  explosion. 

We,  therefore,  conclude  that  white  circuiatina  currents  and/or  t-layers  may 
enhance  the  conductivity  of  the  needed  detonation  products,  they  dc  not  appear  to 
be  the  mechanism  tdrlch  is  responsible  lor  causing  the  initial  high^electrical 
conductivity  observed  in  the  seeded  detonstion  products,  the  strong  varisr.ion  of 
& with  tes^ratutes  suggested  by  the  Alexeev  model  suggests  ways  that  measure* 
ments  of  conductivity  in  the  regions  very  nesr  the  explosive  charge  could  ated 
to  test  the  spplieable  theorita. 
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4.0  SCALE-UP  OF  EXPLOSIVE  DRIVEN  MtlP  GENERATORS 


While  the  demonstrated  power  output  with  explosive  driven  MHD  generators 
has  been  interesting,  i.e.,  2.10MW  reported  t5>,  and  129MW  reported  in 
112)  which  is  discussed  in  Appendix  A,  there  has  been  a continuing  interest  in 
what  larqe  scale  explosive  driven  KHD  channels  would  loook  like  and  how  they  v/ould 
perform.  At  this  point,  it  appe.-i s appropriate  to  examine  in  detail  a larqe 
scale  (5MJ)  explosive  driven  MHD  generator  which  has  previously  been  proposed 

and  to  outline  other  potential  designs  of  interest. 

4.1  5MJ  DESIGN  STUDY 

The  goal  of  this  study  was  the  rapid,  repetitious  production  of  5MJ  pulses 
with  a duration  of  100  microseconds  feeding  a 1 ohm  load. 

The  first  characteristic  examined  was  charge  geometry.  Jt  has  been  evident 
from  the  first  experiments  in  1961,  that  the  efficiency  of  the  explosive  driven 
MHO  generator  could  be  improved  if  the  solid  angle  subtended  by  the  generator  at 
the  charge  surface  could  be  increased.  The  logical  solution  for  rapid  reiictitive 
pulsing  was  to  use  back-to-back  channels  facing  a single  explosive  charge. 

The  second  parameter  to  be  examined  was  channel  geometry.  One  of  the 
principle  functions  of  the  channel  is  to  act  as  a containment  vessel  for  the  de- 
tonation products.  The  moot  efficient  shape  for  containing  internal  pressures 
is  the  cylinder.  This  dictates  that  the  pressure  vessel  be  cylindrical  to  reduce 
material  stress  levels.  In  order  to  have  an  efficient  magnet  system,  it  is 
important  to  have  the  channel  fill  as  much  of  the  containment  ’^ssel  as  is 
practical,  inasmuen  as  the  containment  vessel  defines  the  region  where  the 
magnetic  field  is  available.  This  then  is^lies  that  the  channel  should  also  be 
cylindrical. 

Extensive  experltH$ntation  has  shown  that  the  generator  internal  resistance 
is  between  S and  Id  ohms  per  square  in  the  configuration  where  tl\e  generator  in- 
ductance decreases  with  time.  Thai*e£oro,  to  produce  a pulse  which  can  directly 
and  elficientVy  couple  into  a 1 ohm  load  would  require  an  effective  channel 
height  to  width  ratio  of  iOC  to  £8$  to  1.  This  can  be  achieved  by  subdividing 
the  channel  and  connectirig  adjacent  elements  in  series,  figure  4.1  shows  a way 
that  adjacent  rectangular  channels  could  be  conrectod  together  through  the  sub- 
divisioh  partitioos  to  effectively  change  the  chactitei  height  to  width  ratio,  atvd 
brace,  the  internal  resistance. . because  of  the  sftort  pulse  length,  the  current 
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METHOD  OF  INTERCONNECTING  EXPLOSIVE  DRIVEN  MHD  CHANNELS  TO 
INCREASE  GENERATOR  INTERNAL  RESISTANCE 
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METHOD  01'  CONKEeriKG  bACK-tO-8ACK  SXPLeSIVg  BRIVeM  MB© 
CHASME!^^  T©  INOlEAgE  GENEMAtOR  tM?B»>ANCSt:.- 
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only  flows  in  a thin  layer  on  the  surface  of  the  conductor;  therefore,  thin 
foils  mechanically  suptiorted  by  the  plastic  separator  can  bo  used  as  the 
electrcKles  and  intorconnoctinq  strap. 

Another  effective  way  of  increasinq  the  qonorator  internal  resistance  is  to 
connect  the  qencrator  to  the  load  in  a manner  such  that  the  inductance  increases 
with  time,  rather  than  as  a flux  compression  device.  In  this  conf iquration,  the 
qencrator  internal  resistance  appears  to  be  of  the  order  of  50  milliohms  per 
square,  which  would  then  only  require  a 20  to  1 channel  aspect  ratio.  Hy  puttinq 
the  two  channels  on  op(x>sitc  sides  of  the  charge  in  series,  as  shown  in  Figure 
4.2,  the  effective  aspect  ratio  for  each  generator  need  only  be  10  to  1,  which 
may  be  mechanically  achievable. 

As  we  have  scon  in  Section  3.1.1,  the  explosive  driven  MHD  generator 
efficiency  is  highest  when  the  channel  is  evacuated  to  nearly  1 Torr.  For  repe- 


titive pulsing  at  the  rate  of  several  per  second,  a giant  vacuum  pumping  system 
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would  be  required  to  evacuate  about  SO  ta  of  detonation  products  after  each  shot. 
An  analysis  indicated  that  the  system  could  be  simplified  and  made  more  reliable 
if  the  seeded  charge  and  the  generator  electrodes  were  sealed  in  an  evacuated 
plastic  assembly  which  could  be  slid  into  place  in  the  cylindrical  containment 
vessel.  Design  analysis  disclosed  that  the  containment  vessel  could  also  serve 
as  the  ‘'warm'*  bore  for  a superconducting  magnet.  This  approach  eliminates  the 
need  for  a vacuum  pumping  system. 

The  need  for  a supercendueting  magnet  arises  from  the  desire  to  make  the 
explosive  charge  a reasonable  thickness.  The  pulse  duration  deteminas  the 
electrode  length.  Therefore,  to  obtain  a desired  stored  magnetic  energy. 
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Within  the  generator  volume,  the  8 db  product  will  be  constant  fwh^re  d it  the 
channel  height  and  b the  width)  ;sir,ce  the  length  *■  is  constant.  One  of  the  dee-ign 
parameters  is  that  the  output  will  be  a prescribed  fraction  of  iisag.  The 
choice  of  the  magnetic  induction  St  establishes  the  channel  cross-^sectional 
dieentiocT.  The  explosive  loading  is  designed  on  the  basis  of  so  many  kg  per 
square  meter  of  flow  area,  with  the  total  energy  release  bespi  tittal  to  the  total 
Charge  weight  times  the  energy  release  per  unit  mass,  for  a constant  ratio  of 
^esoi  to  the  charge  becomes  thinner  as  b is  decreased,  thin  charges  are 
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harder  to  initiate  uniformly  and  to  support  during  rapid  movement.  The  most 
practical  way  to  initiace  charges  for  this  application  appears  to  be  through  the 
median  plane  on  the  side  away  from  the  continuous  electrode,  as  shown  in  Figure 

4.2. 

A conceptual  design  for  such  a generator,  based  on  a 5 Tesla  superconducti ng 

magnet,  is  shown  in  Figure  4.3.  The  magnet  has  aim  warm  bore.  With  a 1 ohm 

load  specified,  the  current  and  voltage  are  equal  at  235  Kv  and  235  KA,  produc- 
1 0 <• 

ing  5 X 10  w.  With  a pulse  lennth  of  10“  sec,  the  energy  output  is  5MJ.  If 
the  external  load  inductance  is  reasonably  low,  a 25  Kg  charge  should  be  able  to 
produce  this  energy  from  a two-channel  generator  assembly  with  a total  length  of 
about  5 m. 

The  rate  of  firing  is  controlled  by  the  mechanical  limitations  of  placing  a 
new  channel  in  the  magnet  for  each  shot.  With  the  lightweight  replacement 
channels  being  constructed  of  plastics,  pulse  repetition  rates  of  a few  pet 
second  should  be  achievable  with  reasonable  drive  horsepower. 

4.2  30MJ  EXPLOSIVE  DRIVEN  MHD  ASSEMBLY 

The  next  requirement  addressed  was  to  produce  3000  individucl  30  KJ  pulses 
from  a set  of  explosive  driven  MHD  generators  powered  by  a single  explosive 
charge.  The  pulse  required  was  a half  sine  wave  700  microseconds  in  duration. 

In  order  to  deliver  10  KJ  during  this  pulse,  the  peak  power  output  per  channel  is 
only  20  MW,  a level  easily  achieved  using  magnetic  fields  of  2 Tesla. 

As  discussed  in  the  previous  section,  the  obvious  way  to  increase  the 
chemical  energy  to  electrical  energy  conversion  efficiency  is  to  enlarge  the 
solid  angle  viewed  by  the  explosive.  For  this  application,  a configuration  of 
six  gersrator  assemblies  facing  the  charge,  as  shown  in  Figure  4.4,  was  chosen. 
With  a pulse  length  of  700  microseconds,  a channel  length  of  5 to  6 m appears  to 
be  adequate.  Slowing  down  of  the  detonation  products  has  been  observed  as 
energy  has  been  removed,  so  the  average  velocity  will  be  rAuch  less  than  the  ob- 
served initial  velocity  of  11  Km/sec  for  the  detonation  products.  Ore  of  the 
areas  of  greatest  uncertainty  is  how  long  the  detonation  products  will  remain 
conductive  The  €"  x 8"  generator  experiments  reported  iS)  shews  that  the  gen- 
erator  can  conduct  current  for  periods  up  to  about  2S0  microseconds.  The  extra- 
polation of  these  results  by  a factor  of  three  in  time  presents  a dilemma,  since 
the  exact  reason  for  the  seeded  detonation  products  to  be  so  conductive  is  not 
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known  with  surety  in  the  first  place.  Experimental  verification  of  conductivity 
lasting  this  long,  presumably  in  a simple  channel  some  4 or  5 meters  long,  ap- 
pears to  be  a matter  of  high  priority  for  accomplishment. 

In  order  to  shape  the  pulses  as  a half  sine  wave,  the  magnetic  induction  is 
lowered  at  the  front  part  of  the  channel,  the  current  decay  as  the  plasma  level 
leaves  the  channel  provides  the  back  part  of  the  half  sine  wave. 

The  design  shown  in  Figure  4.4  has  a plethora  of  long,  high  aspect  ratio 
channels.  It  is  anticipated  that  gas  dynamics  will  probably  be  the  dominant 
factor  determining  the  pulse  trailing  edge  profile.  A more  workable  solution 
may  be  to  have  the  MHD  channels  a natural  size  for  the  magnet,  and  then  have  each 
channel  with  an  internal  resistance  of  about  50  milliohms  feed  a pulse  trans- 
former which  would  match  the  driver  to  500  of  the  20  ohm  flash  lamps.  By  using 
an  axially  initiated  symetrical  charge,  timing  accuracies  of  a few  percent  should 
be  realized  between  the  generators. 

This  design  has  a natural  advantage  that  it  should  be  readily  scalable  up 
and  down  in  size.  Systems-wise,  it  looks  like  an  inductor  which  can  be  dis- 
charged on  a submillisecond  time  scale.  The  size  of  the  pulse  essentially  scales 
with  the  amount  of  iron  and  copper  in  the  magnet.  Again  we  repeat  that  the  major 
area  of  uncertainty  in  this  design,  which  could  be  easily  scaled  up  to  300MJ  or 
more,  is  the  need  for  experimental  confirmation  that  pulses  of  this  duration  can 
indeed  be  produced. 

4.3  SEEDED  DETONATION  PRODUCT  FAST  SWITCH 

Another  application  where  explosive  driven  MHD  generator  technology  appears 
,„,,plicablc  is  in  building^  repetitively  pulsed  switch  for  discharging  fast 
capacitor  banks. 

The  multiple  pulse  experiments  (4)  and  the  alternating  current  generation 
experiments  (7}  have  demonstrated  the  essential  elements  which  arc  needed  to 
develop  a fast  switch.  In  the  multiple  pulse  experiments,  a string  of  charges 
were  seguentially  detonated  at  the  entrance  to  the  HilD  channel.  Pulse  rates  of 
up  to  100  ger  second  were  demonstrated.  With  the  high  L/D  generator  being  used, 
the  optimum  pulse  repetition  rate  was  determined  to  bo  30  per  second;  however, 

:ho  experiments  demonstrated  that  charge  feed  mechanisms  could  be  developed  to 
feed  the  charges  at  rates  up  to  100  per  second. 


The  alternating  current  generation  experiments  used  a set  of  segmented 
electrodes  along  the  MUD  generator  cross-connected  in  such  a manner  that  the  dis- 
creet plasma  slug  was  alternately  connected  to  opposite  ends  of  the  load.  The 
experiment  produced  20  KHz  alternating  current  at  the  power  level  of  2 to  5 MW. 

The  output  was  subsequently  transformed  up  to  the  50  KV  level.  The  important 
conclusions  which  may  be  drawn  from  this  experiment  are  that  the  plasma  slug  has 
clearly  defined  front  and  back  boundaries,  and  that  the  high  pressure  (kilobar) 
detonation  products  behind  the  plasma  slug  have  insulating  properties  which  pre- 
vented arc-over  of  the  upstream  electrodes. 

Having  seen  that  surface  seeded  explosives  can  produce  a carefully  con- 
trolled slug  of  highly  conductive  plasma,  and  that  the  unseeded  high  pressure  de- 
tonation products  following  the  plasma  have  good  insulation  properties,  it  is 
logical  to  propose  that  seeded  detonation  products  could  be  used  to  make  a 
repetitive  switch  for  discharging  fast  capacitor  banks.  Typical  requirements  for 
such  a switch  are  to  pass  1 to  10  coulombs  from  a 1 MV  capacitor  in  100  nsec  with 
100  Hz  repetition  frequencies.  This  will  require  a switch  capable  of  passing 
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10  to  10  A,  with  an  internal  resistance  of  less  than  1 milliohm. 

From  these  conditions,  we  can  make  the  following  tentative  design.  To  stano- 
off  1 Mv  at  atmospheric  pressure,  the  gap  representing  the  MHD  channel  would  have 
to  be  about  0.35  m (30  KV/cm)  high.  However,  for  10  atm,  the  gap  would  only 
have  to  be  0.03  m or  about  1.3  inches  high.  Therefore,  the  use  of  a pressurized 
channel  appears  preferred.  To  achieve  an  effective  resistance  of  1 milliohm, 
the  switch  should  have  an  aspect  ratio  of  about  10,  which  would  make  a linear 
switch  13  inches  wide  for  10  atm,  or  about  4 inches  in  diameter  if  a circular 
gap  is  used. 

The  circular  gap  has  some  interesting  prot>erties.  It  can  be  made  as  a part 
of  a coaxial  conductor  system,  to  minimize  inductance,  and  by  adding  an  axial 
magnetic  field,  circulating  currents  can  be  developed  in  the  radially  expanding 
plasma  ring  which  will  insure  that  the  conductivity  is  uniform  along  all  segments 
of  the  switch.  In  the  radial  explosive  driven  (4HD  generator  experiments  (4), 
a circulating  current  of  40  ka  was  measured.  Kith  the  postulated  currents  of 

T I 

10  or  10  A,  tho  magnetic  fields  due  to  the  axial  current  are  expected  to  result 
in  a marked  slowing  down,  and  perhaps  reversal  of  the  outward  plasma  flow,  which 
may  reduce  the  requirements  for  venting  the  detonation  products  through  the  outer 
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conductor.  Under  optimum  circumstances,  it  should  be  possible  to  have  the  gap 
generate  200  kV  as  an  explosive  driven  MHD  generator,  overcoming  the  100  kV 
resistive  drop  in  the  switch,  i.e.,  1 milliohm  resistance. 

The  seeded  explosive  technology  required  for  the  circular  gap  was  developed 
during  our  work  on  the  radial  explosive  driven  MHD  generator  (4).  The  problem 
of  feeding  the  charges  at  rates  to  achieve  the  desired  pulse  repetition  fre- 
quencies are  understood,  and  should  not  be  underestimated.  However,  these  are 
typically  difficult  mechanical  design  problems  and  it  appears  that  sufficient 
test  work  could  be  conducted  on  a single  pulse  basis,  to  demonstrate  the  tech- 
nology before  the  design  of  a multiple  pulse  charge  feeding  mechanism  would  have 
to  be  undertaken. 

From  the  standpoint  of  minimizing  explosive  usage,  the  coaxial  switch  ap- 
pears to  be  preferred  because  the  switch  gap  as  viewed  from  the  explosive  repre- 
sents a large  occluded  angle  and  the  coaxial  lead  assembly  should  provide  a 
minimum  of  inductance.  In  principle,  the  explosive  HMD  switch  could  be  placed  at 
the  end  of  the  coaxial  line  which  would  allow  the  charges  to  be  easily  placed  and 
the  detonation  products  to  be  conveniently  removed.  One  possible  configuration 
is  shown  in  Figure  4.5. 

The  basic  scale  of  the  switch  is  set  by  the  gap  necessary  to  hold-off  the 
voltage  at  atmospheric  pressure.  The  inside  radius  is  determined  by  the  stand- 
off required  from  the  charge  to  lower  the  pressure  to  workable  levels,  with 
small  conventional  charges  detonated  at  nearly  ambient  atmospheric  pressures, 
this  distance  is  about  2 or  3 inches.  Allowing  for  a 2 inch  diameter  charge,  the 
minimum  inside  diameter  of  the  electrode  is  about  7 or  8 inches  and  the  outside 
diameter  of  the  coaxial  conductor  is  10  to  12  inches  for  a 100  HV  switch.  Since 
the  inductance  of  the  coaxial  conductor  varies  as  the  logarithm  of  the  ratio  of 
the  inner  and  outer  conductor  diameters,  larger  diameters  may  be  preferred.  Gas 
vent  holes  should  bo  provided  around  the  periphery  of  the  outer  conductor.  Hign 
strength  magnetic  steel  blast  ehamtwrs  are  shown  to  back-up  the  cof^r  electrodes 
and  take  a maiority  of  the  blast  wave  i«ig)ulse  Load.  To  avoid  arcing  at  the 
edges  of  the  gap,  a hogowski  electrode  contour  can  be  followed. 

With  this  configuration,  the  feeding  of  chargea  is  simplified.  The  biasing 
magnetic  field  is  provided  by  a coil  powered  from  a conventional  source.  Since 
the  purpose  of  this  field  is  to  produce  a circulating  current  in  the  expanding 
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plasma  rinq,  a fraction  of  a Tesla  should  be  adequate.  One  of  the  key  questions 
is  how  soon  will  the  gap  recover  the  ability  to  stand-off  high  voltages.  Figure 
4.6  gives  the  predicted  voltage  recovery  curve  for  a 1.3  inch  gap  explosive 
driven  switch.  We  know  with  certainty  that  voltage  gradients  of  20  kV/m  can  bo 
maintained  within  10  to  25  microseconds.  While  these  results  are  promising,  more 
data  is  needed  tor  higher  voltages  and  longer  times. 

It  thus  appears  that  two  key  experiments  are  required  in  order  to  determine: 

1.  Can  an  explosive  driven  MHD  switch  passs  10  coulombs  in  0.1  microseconds 
with  reasonable  voltage  drops?  And, 

2.  Can  the  gap  recover  to  stand-off  voltages  of  1 Mv  within  a few  lOO's  of 
microseconds? 

Since  these  two  questions  are  outside  of  our  previous  areas  of  experimental 
observation,  we  can  only  postulate  answers  on  the  basis  of  our  understanding  of 
the  physical  phenomena.  We  believe  that  the  answer  to  the  first  question  is 
positive.  The  conductivity  is  of  the  proper  magnitude  and  the  time  scale  is 
about  right.  The  only  known  problem  is  that  in  the  linear  explosive  driven  MHD 
generator  experiments,  where  the  time  scale  is  about  two  orders  of  magnitude 
longer,  the  plasma  was  shown  to  have  an  anomolously  high  inductance,  suggesting 
that  the  current  had  pinched  down  to  a thin  filament.  Wc  now  know.  Section 
3.1.2,  that  the  seed  level  plays  a dominant  role  in  the  apparent  high  inductance, 
and  that  increasing  the  seed  level  lowers  the  effect.  For  the  submicrosecond 
time  scales  and  high  pressures  being  considered,  the  dynamics  of  pinch  formation 
should  be  too  slow  to  be  important. 

The  answer  to  the  second  question  should  also  be  positive.  Wo  know  that  the 
high  pressure  detonation  products  are  non-condueting.  The  previously  cited 
experimental  evidence  implies  that  there  is  a high  degree  of  probability  that 
t-his  goal  can  be  achieved. 

We  conclude  that  we  have  every  reason  to  believe  that  the  explosive  driven 
HUD  generator  concept  can  be  used  as  a rapid  multiple  pulse  switch  for  fast 
capacitor  banks.  Dased  on  ttie  background  data  available,  it  appears  feasible 
to  proceed  to  a direct  test  of  the  concept  at  voltage  levels  and  current  levels 
of  interest. 


4 * **  HERCULKS  SCALE-UP  EXPERIMENT 

It  is  believed  that  much  important  new  data  on  explosive  driven  MHD  qen* 
erators  could  be  obtained  by  constructing  a channel  which  would  utilize  the  full 
potential  of  the  Air  Force  owned  magnet  described  in  (12).  This  magnet  could  be 
used  to  scale-up  the  previous  4"  x 6"  generator  described  in  ^5)  to  about 
12"  X 12”  (0.3  m X O.J  m).  Since  the  magnet  has  an  active  bore  length  of  about 
2 m,  a 5 m channel  length  would  allow  the  investigation  of  short-circuit  pulses 
out  to  600  - 700  microseconds  in  duration  similar  to  (he  long  electrode  gen- 
erator measurements  reported  in  14). 

The  general  electrical  specifications  for  the  generator  would  be  an  open- 
circuit  voltage  of  about  7000  V,  a short-circuit  current  of  about  800  kA,  with  a 
peak  output  of  1.37  GW.  With  a pulse  length  of  150  microseconds,  this  should 
yield  about  200  kJ. 

The  magnetic  energy  contained  in  the  generator  volume  is  about  700  kJ,  so 
the  output  energy  could  be  somewhat  higher  than  the  200  kJ  previously  calculated. 

Based  on  an  explosive  loading  density  of  15  Kg/m' , the  charge  weight  would 
be  1.35  Kg,  which  equates  to  an  energy  release  of  5.8  MJ.  A 200  kJ  output  pulse 
would  represent  a 3.4%  efficiency  for  converting  chemical  energy  to  electrical 
energy. 

An  experiment  of  this  scale  would  also  allow  a.  realist  demonstration  of  the 
problems  associated  with  coupling  a large  group,  say  twenty,  high  impedance 
(20  otun)  lamps  to  the  low  impedance  pulse  generator. 

The  most  valuable  data  to  bo  gained  from  the  proposed  generator  test  would 
bo  definitive  proof  that  pulse  lengths  in  excess  of  ISO  microseconds  can  bo 
achieved.  Obtaining  longer  pulse  lengths  is  a necessary,  but  not  sufficient, 
condition  for  determining  whether  explosive  driven  generators  can  be  used  for 
interesting  applications.  Correspondingly,  if  there  is  some  reason  why  longer 
pulses  cannot  be  obtained,  the  sooner  this  can  be  determined  the  better  it  will 
1)0  for  all  concerned. 


APPENDIX  A.  ANALYSIS  OF  WORK  PERFORMED  UNDER  RECENT  AIR  FORCE  CONTRACTS 
A.l  AVCO-Shock  Hydrodynamics-Atlantic  Rcseareh  Program 

The  results  of  the  work  under  this  contract  are  reported  in  {9'. 

In  general,  the  report  covers  a range  of  system  analyses;  an  investigation  of 

several  alternative  approaches  and  a limited  amount  of  experimental  data  on  i 

seeded  detonation  product  conductivity.  ! 

A major  part  of  the  report  is  devoted  to  studies  of  tubular  charges  for  j 

driving  MH!>  channels.  Earlier  studies  by  Burnham,  et  al,  flO},  and  ourselves  1}, 
had  investigated  various  charge  shapes,  i.e.,  conical  charges  with  various 
angles;  K*;;hapad  cone  charges;  flat  front  charges,  etc.  Our  conclusions  were 
that  shaping  the  charges  could  produce  a faster  current  rise  time,  but  that  the 
shape  of  the  charge  did  not  markedly  effect  the  peak  power  produced.  Indeed,  be- 
cause of  the  larger  quantity  of  explosive  used  to  make  the  exotic  shapes,  the 

i 

ratio  of  chemical  energy  input  to  electrical  energy  output,  i.e.,  conversion  | 

I 

efficiency,  usually  went  down.  None  of  the  data  presented  in  Reference  3 

indicates  that  this  conclusion  should  be  revised.  I 

The  analysis  of  explosive  driven  HMD  generator  systems  given  in  chapter  3, 
pp.  33-104,  is  rather  confusing.  There  are  many  obvious  typographical  errors, 
and  evidently  some  lines  of  typewritten  material  were  left  out  which  define  some 
of  the  parameters.  One  of  the  major  deficiencies  of  this  analysis  is  that  it 
neglects  the  circuit  inductance,  i.e.,  it  assumes  a purely  resistive  load,  which 
is  very  seldom  the  case,  as  is  discussed  in  a later  section  of  that  chapter  when 
power  conditioning  is  addressed.  However,  the  time  rate  of  change  of  internal 
inductance,  L.  is  implicit  in  the  formulation  for  the  magnetic  flux. 

We  must  note  that  proper  application  of  theory  to  determine  the  actual 
current  distribution  in  the  conducting  slug  would  have  obviated  the  need  for  tha 
elaborate  ad  hoc  assumptions  made  concerning  the  "AC  skin  effect'". 

We  believe  that  one  should  resist  the  urge  to  convert  the  equations  tc  a 
form  where  the  terms  which  represent  the  induced  magnetic  field  appear  as  the 
magnetic  Reynolds  number.  The  generator  can  be  connected  in  a wanner  such  that 
the  load  is  at  the  upstream  end  and  the  induced  magnetic  field  does  not  add  to 
the  static  magnetic  induction.  In  this  case  the  term  u^u  disappears  from  the 
analysis  and  the  "wagnetie  Reynolds  number*  is  no  longer  explicit  in  the  for- 
mulation; however,  the  physics  of  the  interaction  has  not  changed.  While  the 
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equations  in  the  form  given  in  (9)  may  appear  useful  for  parametric  studies, 
they  are  not  connected  directly  to  measurable  quantities  which  can  bo  controlled. 
It  is  much  more  meaningful  to  think  of  the  term  u,,u  as  a negative  resistance  of 
the  order  of  10  milliohms  per  squire,  which  gets  compared  to  the  load  and  plasma 
resistances  per  square  of  channei  cross-sectional  area;  than  it  is  to  encumber 
both  parts  of  this  relationship  with  a oa  product  wnich  is  clouded  with  a great 
deal  of  uncertainty  about  what  is  o,  or  what  is  the  plasma  thickness  a,  and  what 
is  the  actual  current  distribution,  etc.  The  effect  of  changing  the  generator 
electrical  connections  has  been  observed  directly,  magnetic  Reynolds  numbers  can 
only  be  implied. 

We  may  note  that  the  discussion  of  ionization,  conductivity  and  seeding 
presented  on  pp.  97-103,  made  an  unreferenced  one-line  statement  about  previous 
explosive  derived  plasma  conductivity  measurements  and  then  approached  the  ques- 
tion of  conductivity  of  seeded  detonation  products  from  classical  theory  of  the 
type  used  in  low  pressure/high-density  thermal  plasmas.  That  such  analyses  did 
not  match  the  experimental  data  had  been  known  for  dbcut  ten  years.  The  authors 
conclude  that  ”.  . . no  techniques  are  presently  available  for  accurately  cal- 
culating the  conductivity  of  explosion  products".  They  then  discuss  a test 
program  to  repeat  previous  measurements. 

The  experimental  conductivity  data  reported  by  this  program  was  extremely 
limited  and  Is  of  questionable  value. 

Analysis  of  the  data  does  not  substantiate  the  reported  results.  Figure 
A.l,  which  is  reproduced  from  ^9).  presents  an  analysis  of  the  data  from  Test 
No.  13,  for  electrodes  99  and  134.  For  electrode  99.  the  data  shows  a current 
which  gradually  rises  to  a level  of  about  0.4  amperes  in  20  microseconds,  and 
then  stays  about  constant,  out  to  the  end  of  the  trace.  The  second  trace  below 
that  is  supposed  to  show  the  incremental  voltages  between  probes  S and  6 for 
electrode  99.  According  to  the  text,  these  two  points  are  supposedly  separated 
by  20  cm.  Reference  to  the  Fi jure  141,  "Sketch  of  Voltage  Probe  Locations  - 
Test  No.  Is  discloses  that  probe  number  S Is  at  electrode  64  on  the  top  of  the 
channel  and  probe  number  6 is  at  electrode  134  on  the  bottom  of  the  channel,  and 
that  electrodes  64  and  134  are  14  cm  apart,  making  probes  S and  6,  which  are  on 
opposite  sides  of  the  20  cm  probe  row,  actually  22.4  cm  apart! 
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Overlooking  such  uncortdintics,  the  reference  then  concludes  that  for  an 
electric  field  of  1 to  2 v/m,  the  "resistance  here  is  0.5  ohms  i K ' 1.0  ohms". 
How  the  process  of  injecting  0.4  amperes  of  current  into  a plasma  from  a line 
electrode  on  one  side,  and  collecting  it  with  a continuous  electrotic  on  the  other 
side,  is  coupled  with  a measured  electrical  field  to  yield  a "resistance"  is  not 
clear.  The  analysis  then  continues  by  calculating  an  electrical  cross-sectional 
ax’oa  for  the  current  flow,  selecting  dimensions  of  "0.002m  by  0.16m*.  The  0.16w 
dimension  is  obviously  the  channel  width;  however,  the  source  of  the  2mm  dimen- 
sion is  crucial  to  a determination  of  conductivity,  absence  of  the  reasoning  be- 
hind the  choice  of  this  dimension  makes  interpretation  of  the  results  unc  rtain. 
The  reference  then  goes  on  to  conclude: 

"1.  Gas  conductivity  at  operating  pressures  of  interest  in  the  order  of 
1000  mhos/m  can  be  achieved. 

2.  Gas  conductivity  apparently  increases  with  increasing  seed  ^»vcl  for 
H to  54." 

Absolutely  no  analysis  of  data  is  presented  to  substantiate  the  last  claim! 

After  reviewing  the  data  presented  in  (95,  it  is  possible  to  present  an 
alternate  interpretation.  From  the  oscilloscope  traces  representing  the  current 
measurements,  a precursor  wave  (presumably  a shock  wave  in  the  residual  air),  can 
be  seen  propagating  down  the  channel.  This  is  then  followed  by  about  a Im  long 
slug  of  seeded  detonation  products  moving  dewr»  the  channel  with  a N-eloeuy  of  7 
to  H t(m/sec.  The  electrical  field  distribution  in  the  channel  is  extremely  com- 
plex, reaching  levels  of  50  v/m  in  localised  areas.  Kith  three  electrodes. 

0.0?m  apart,  injecting  about  1.5  ai^res  on  one  side  of  the  high  channel, 

the  average  current  density  is  of  tlte  order  of  50  A/m  , ilsing  the  “measured* 
electrical  field  of  2 v/m,  this  would  yield  a conductivity  of  about  25  mho/g:. 
Which  is  of  ttie  order  of  magnitude  to  be  expected  for  cessium  seW  material  at 
detonation  temperatures. 

The  amplitude  of  the  current  pulses  from  the  various  shots  is  shown  io 
fable  A-I,  along  with  the  bulk  seed  levels.  !t  is  clear  that  the  It  and  it 
seeded  charge  detonation  products  carried  aore  current  than  the  d.lt  seeded 
charge  detonation  products.  The  limited  data  available  does  not  support  tSie 
view  that  the  detonation  products  froei  the  5t  seeded  charges  is  more  conductive 
than  fro*  the  seed  charge. 
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We  conclude  that  neither  of  the  experimental  claims  made  on  page  367  of 
(9)  can  be  substantiated  by  the  data  presented  therein. 

A. 2 The  Hercules,  Inc.,  Program 

The  results  of  this  contract  are  reported  in  (11}  and  (12).  Reference  (lit 
covers  the  analytical  studies  in  detail,  while  {12}  presents  the  bulk  of  the 
experimental  data. 

A. 2 . 1 Analytical  Work  on  the  Hercules,  Inc.,  Program 

Central  to  the  analytical  development  presented  in  til}  is  the  conjecture 
that  the  gases  originally  in  the  channel  play  a dominant  rcle  in  determining  the 
characteristics  of  the  generator.  The  middle  of  page  3-10  speculates  "...  that 
mixing  of  seed  and  residual  gas  is  the  chief  source  of  the  conducting  zone  in 
the  X-MHD  generator  and  the  only  source  if  the  residual  gas  does  not  ionize 
appreciably.  As  this  is  the  case,  it  is  of  extreme  importance  that  the  shocked 
residual  gas  temperature  be  maintained  at  a level  such  that  adequate  conductivity 
can  bo  achieved." 

From  this  statement,  most  of  the  an.slytical  work  then  proceeaes  on  the 
basis  that  the  observed  8 Km/sec  propagation  of  the  plasma  slug  defines  a shock 
with  a Mach  number  of  24,  which  heats  the  residual  gas  (at  10  Torr)  to  8000°K 
artd  compresses  it  to  10  atmosphere. 

This  basic  assumption  about  the  role  of  shock  heating  does  not  appear  to 
be  completely  valid  on  the  basis  of  previous  studies  which  were  conducted  with 
residual  pressures  ranging  al?  the  way  from  0.03  Torr  to  atmospheric  pressure. 
Data  from  studies  of  this  type  showed  that  for  pressures  less  than  about  2 Torr, 
the  characteristics  of  the  generator  were  substantially  unchanged,  particularly 
at  the  low  pressure  end  of  the  scale.  The  velocity  and  conductance  appear  un- 
changed. Typical  data  on  generst'jr  behavior  with  changing  initial  pressures  is 
given  in  Section  3,1.1.  We  may,  therefore,  note  that  lowering  the  residual 
pressure  by  two  orders  of  magnitudo,  which  in  principle  increases  the  shock 
pressure  ratio  by  two  orders  of  magnitude,  thereby  increasing  the  "Mach  number" 
and  tor>i>eraturo,  does  not  result  in  observed  changes  in  the  physical  parameters. 
W'e  must,  therefore,  conclude  that  the  mechanisms  postulated  by  the  authors  of 
(11)  to  explain  the  operation  of  explosive  driven  NilO  generators,  are  probably 
not  valid  over  the  important  range  of  operating  variables. 
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Another  key  assumption  is  that  the  conducting  zone  has  zero  thickness. 


Our  earliest  work,  Figure  2.29  of  (l),  showed  that  the  condr.ction  zone  has  con- 
siderable axial  extent.  The  alternating  current  generating  experiments  described 
in  {!]  could  only  have  been  possible  if  the  conducting  region  were  about  0.2  m 
to  0.3  m in  length.  While  thit  faulty  assumption  may  not  be  as  fatal  as  the 
first  one,  it  does  have  a bearing  on  major  conclusions  drawn  by  the  authors 
relative  to  pulse  rise  times. 

In  addition,  we  may  also  note  that  previous  experiments  with  rapid 
multiple  pulsing,  {7},  showed  that  residual  explosion  products  in  the  channel 
at  near  atmospheric  pressure,  did  have  a deleterious  effect  on  channel  operations 
for  pulse  rates  greater  than  30  per  second.  The  discussion  on  page  3-14  relative 
to  high  repetition  rates  (100  pps),  does  not  steem  compatible  with  our  experi- 
mental observations. 

Having  adopted  a shock  tube  model  to  explain  the  linear  explosive  driven 
MHD  generator,  the  authors  then  use  such  a model  to  predict  channel  character- 
istics. Because  of  the  non-validity  of  the  basic  assumptions,  we  decline  to 
comment  on  the  gas  dynamic  calculations. 

The  electrical  circuit  analyses  are  presented  in  Chapter  5.  One  of  the 
major  problems  in  the  analysis  presented  is  that  external  inductances  is 
largely  neglected,  and  the  treatment  of  induced  magnet  fields  is  not  handled 
properly. 

The  analysis  starts  by  assuming  some  relationships  between  shock  com- 
preosicn  time  and  curre.it  rise  time.  In  most  cases  of  interest,  the  current  rise 
time  is  determined  by  external  parameters  such  as  the  load  inductance,  which  has 
been  neglected  in  the  analysis.  Since  the  experimental  data  show  that  the  shock 
compression  tine  is  not  a controlling  parameter,  this  analysis  is  not 
particularly  pertinent. 

The  next  section  treats  magnetic  Seynolds  number  effect^.  Equations 
(1)  and  (2)  are  correct,  l.e.i 

R (A.l) 

mi  0 


38  ■ y j «•  u 0 (uB  - V) 

n ^ R 


However,  the  assumption  is  made  that 


(A. 3) 


V = auB  h 

0 

where  a is  the  generator  loading  coefficient,  a carryover  from  open-cycle  MHD 
generator  analysis  where  the  induced  magnetic  fields  are  small  compared  to  the 

static  magnetic  field,  and  " magnetic  field  well  ahead  of  the 

conducting  sheet".  This  form  of  analysis  has  a number  of  fundamental  problemsi 
The  concept  of  using  a generator  loading  coefficient  is  misleading  since  n is 
usually  defined  in  terms  of  the  static  magnetic  field,  B^,  i.e., 

u = Electric  Field  Due  to  Load  Y . i (A.  4) 

Open  Circuit  Electrical  Fieid  h * uB^ 

The  error  arises  in  using  a uB  in  place  of  V/h  to  describe  the  current 

0 

density  j.  The  correct  treatment  of  this  matter  is  discussed  in  Section  3.2. and  {13}. 

The  analysis  proceeds  to  evaluate  the  constant  B by  introducing  the  con- 
cept that  the  average  of  the  dynamic  magnetic  fields,  Bj  and  Bj  is  equal  to  the 
static  field  B^.  In  the  process  of  solving  the  equations,  a minus  sign  ap- 
parently is  lost.  The  proper  expression  for  the  magnetic  field  in  this  approxi- 
mation is: 

B = 2Bo<^-°)exDiMoUo(a-x)  ) ^ 

(l+expu^uoa) 

which  effects  the  form  of  both  equations  (5)  and  (7)  on  page  5-5  of  {11}.  The 
exponent  in  the  numerator  of  equation  (7)  as  given  in  the  text  is  not  dimension- 
ally  correct. 

Reference  {11)  then  examines  the  question  of  "circuit  rise  time",  starting 
on  page  5-7.  The  statement  is  made  that  "In  a shielded  generator,  the  inductance 
is  mainly  that  of  the  conducting  sheet  itself  • . without  defining  what  a 
shielded  generator  is.  Without  discussing  the  significance  of  the  Inductance 
formula,  equation  (18),  which  ap;>ears  to  be  short  two  dimensions,  and  neglecting 
our  previously  published  work,  {4},  which  showed  that  the  conducting  sheet  had  a 
non-negligible  solf-inductanco  (60  tiroes  the  magnitude  predicated  by  equation 
(8)),  the  analysis  goes  on  to  predict  3 to  7 microseconds  rise  time.  The  later 
experimental  work  under  this  program  {12),  showed  the  rise  time  to  bo  about  an 
order  of  magnitude  larger. 

The  analysis  then  continues  on  page  5-10  to  discuss  the  "well-shielded" 
generator,  with  the  statement  that  the  time  derivative  of  the  intornal  inductance 
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IS  approximately  zero,  and  that  for  an  "unshielded"  device,  the  inductance  is  a 
function  of  x so  that  there  will  be  a time  derivative.  What  the  authors  are 
probably  referring  to  is  the  generator  construction  used  in  the  4"  x 6"  channel 
described  in  {5}.  Here,  one  electrode  was  bonded  to  the  external  pressure  con- 
tainment vessel,  while  the  other  electrode  was  supported  on  an  insulating  block. 
Electrically,  the  pressure  containment  vessel  looks  like  the  outer  conductor  of  a 
rectangular  coaxial  cable,  with  the  inner  conductor  being  a rectangular  slab  dis- 
placed toward  one  of  the  aides.  While  the  relationship  which  expresses  the  in- 
ductance per  unit  length  of  the  coaxial  generator,  which  is  of  the  form 
in  rj/r2,  is  different  than  the  relationship  for  the  inductance  per  unit  length 
of  the  parallel  plate  generator;  there  is  still  an  appreciable  inductance  in  the 
coaxial  generator.  It,  therefore,  follows  that  as  the  conducting  plasma  slug 
shortens  the  generator  length,  the  inductance  will  change.  Particularly  under 
pulsed  conditions  where  the  skin  effect  may  cause  the  return  path  through  the 
permeable  iron  containment  vessel  to  appear  to  have  a higher  impedance  than  the 
path  through  the  copper  electrode,  the  internal  magnetic  field  distribution  of 
the  coaxial  generator  can  approach  that  of  the  parallel  plate  generator.  We 
uvosi- , therefore,  conclude  that  the  assumption  which  neglects  the  time  rate  of 
change  of  the  inductance  is  not  justified. 

A. 2. 2 Hercules,  Inc.,  Experimental  Results 

The  results  of  experiments  in  back-to-back  0.1 5S  m diameter  explosive 
driven  MHD  channels  are  reported  in  {12}.  Additional  data,  which  is  soon  to  be 
published,  has  been  made  available  ior  analysis  by  C.  Bangertor.  This  material 
includes  photographs  of  oscilloscope  traces,  test  data  for  all  recorded  shots  and 
preliminary  current  and  voltage  measurements  derived  from  most  oscilloscope 
pictures.  Figure  A. 2 from  (12)  shows  the  major  details  of  the  experiment.  Table 
A-2  gives  a majority  of  the  experimental  details  for  each  shot.  The  terms  East 
and  West  refer  to  locstlons  of  each  channel;  East  or  West  of  the  explosion 
chamber. 

In  order  to  present  a clear  j.-icture  of  the  basic  operation  of  the  gen- 
erator, we  first  look  at  the  open-circuit  performance  of  the  two  generators; 
then  their  perf  >rm«nce  under  load,  and  then  suimariae  their  performance  on 
voltage-current  diagrams. 


One  fact  which  emerged  from  preliminary  analysis  was  that  output  of  the 
generator  was  markedly  influenced  by  the  presence  of  the  driver  used  to  initiate 
the  main  charge.  This  driver,  which  usually  contained  about  5 gms  of  the  ex- 
plosive PETN  in  the  form  of  “detasheet” , is  used  to  initiate  the  charge  uniformly. 
This  effect  is  so  marked  that  the  data  only  made  sense  if  we  presented  it  in 
terms  of  the  "driver"  channel  and  the  "driven"  channel.  In  most  cases  the  driver 
was  in  the  East  channel. 

A. 2. 2.1  Open-Circuit  Voltage  Measurements 

The  first  shot,  X-MHD  1,  measured  open-circuit  voltages  in  both 
channels.  Figure  A. 3 is  the  oscilloscope  trace  for  that  shot.  It  is  interesting 
to  note  that  with  the  driver  in  the  East  channel,  the  voltage  came  up  first  on 
the  West,  or  driven  channel,  to  a value  of  about  2640  v,  while  the  voltage  in 
the  driver  channel  rose  about  5 microseconds  later  to  a value  of  about  1660  v. 

We  note  that  the  voltage  pulse  on  the  driven  channel  lasted  for  about  170  micro- 
seconds, while  the  voltage  pulse  on  the  driver  channel  lasted  for  about  210 
microseconds.  This  implies  that  there  is  a connection  between  pulse  shape, 
length,  and  induced  voltage. 

To  investigate  the  influence  of  the  magnetic  field  profile  on  the  pulse 
shape,  we  have  attempted  to  fit  the  observed  pulse  shapes  from  the  driver  and 
driven  channels  with  a pulse  shape  derived  from  the  magnetic  field  profile, 
under  the  assumption  that  the  conducting  plasma  slug  is  short  in  axial  extent 
compared  to  the  field  gradient,  and  tttat  xc  has  uniform  velocity.  The  results 
of  this  analysis  are  shown  in  Figure  A. 4.  The  most  clearly  defined  points  are 
the  ends  of  the  electrode,  whore  the  voltage  starts  and  stops. 

From  this  detailed  analysis  of  all  phases  of  the  pulse,  we  conclude 
that  the  effective  velocity  in  the  West  channel  is  about  1.6  times  the  velocity 
in  the  East  channel,  i.e.,  the  velocity  in  the  West  channel  is  about  S400  Km/sec, 
and  in  the  East  channel,  3300  Km/sec,  which  is  about  the  same  ratio  as  the  open- 
circuit  voltages.  A disparity  between  the  channel  with  the  driver  and  the  driven 
channel,  while  usually  not  as  large  as  in  this  experiment,  is  noted  in  all  later 
shots. 

Shot  X-NiiD  2 is  another  open-circuit  experiment,  this  time  at  a 
pressure  of  10  Torr  of  air.  The  oscilloscope  trace  is  shown  in  f*<gure  A.S.  The 
peak  voltage  on  the  East  'driver)  channel  is  2760  volts  and  the  peak  voltage  on 
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the  West  (driven)  channel  is  3150  volts.  Comparing  the  two  voltage  pulses  with 
the  magnetic  field  profile,  similar  to  the  analysis  given  in  Figure  A. 3,  yields 
a velocity  of  about  7.25  Km/ sec  for  the  driven  channel  and  6.67  Km/ sec  for  the 
driver  channel. 

Figure  A. 6 is  the  oscilloscope  trace  for  shot  X-MHD  9,  which  is  another 
open-circuit  experiment.  The  pressure  is  11  Torr  of  a helium-air  mixture.  The 
oscilloscope  pictures  are  somewhat  confusing.  The  driven  channel  voltage  pulse, 
recorded  on  the  top  oscilloscope  trace,  instead  of  rising  sharply,  takes  almost 
80  microseconds  to  reach  the  peak,  while  the  East  channel  has  the  expected  rapid 
rise,  but  then  shows  a negative  overshoot  at  late  times.  The  overshoot  is 
probably  due  to  an  internal  short  which  has  set-up  rather  large  circulating 
currents,  displacing  the  ground  reference  point.  The  measured  peak  voltage  on 
the  East  channel  is  2240  V,  while  the  peak  voltage  on  the  West  was  about  2300  V, 
which  occurred  at  about  100  usee.  Because  of  the  "inductive  kick"  in  ..  ^.aat 
channel  trace  and  the  odd  shape  for  the  West  channel  trace,  this  data  will  not  be 
considered  critically  in  the  overall  analysis.  This  is  the  sort  of  electrical 
breakdown  wc  referred  to  in  Section  2.3  when  discussing  the  selection  of  gas  to 
initially  fill  the  channel.  For  shots  1 and  2,  the  residual  gas  was  air  at  10 
Torr.  for  this  shot  helium  with  an  unknown  quantity  of  leake4-in  air. 

Shot  X-HHD  7 is  an  open-circuit  voltage  experiment  with  6S0  Torr  of 
helium  in  the  channel.  On  the  basis  of  the  induced  peak  voltages,  i.e..  2370 
volts  on  ti%e  west  channel  and  2520  volts  cn  the  East  channel,  and  the  shape  of 
the  voltage  pulse,  which  is  determined  by  the  magnetic  field  profile  following 
the  procedures  used  in  Figure  A. 3.  we  estltsate  the  initial  velocity  in  the  West 
(driven)  channel  to  be  about  4.6  Km/seo.  The  voltage  on  t)te  East  (driver) 
channel  gives  an  initial  velocity  of  about  4.9  Km/sec.  An  analysis  of  the  pulse 
shape  is  consistent  with  average  velocities  of  about  4 Km/sec  over  the  pulse 
length. 

This  shot  has  ail  of  the  characteristics  of  an  explosive  driven  heliura 
filled  shock  tube  and  its  behavior  should  be  well  described  by  the  theory  pre- 
sented in  U U . 

Table  A-3  susmarises  the  op«n-cireuit  shots.  The  average  value  for  bd 
derived  from  this  data  is  d.56  Tesla-meters,  tdtich  itsplies  an  effective  electrode 
separation  of  0.17  m for  a Magnetic  induction  of  3. Tesla.  The  actual  channel 
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Ciwposi tion  C-4  Weight:  100  p,m 
Seed  (CSNO3)  Weight:  2.7  gin/sldc  (surface) 
Standoff  Material;  12-5  tpii/side 
Driver  Location;  East  Channel 
Till  Gas:  He li >1171  . Initial  Pressure;  1 1 Torr. 

Magnet  Current;  1 1 , 000  amps. 
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TABLE  A-3 

pPty-Ctt«njlT  SHOT  AX/U.YS  I S 


ShLtt 

(^8 

Prt:s;i. 

(Tor?) 

"■ag. 

furr. 

(kA) 

Driver 

Voltage 

Driver 

Profile 

Analysis 

(ko/st<) 

Dr  iven 
Voltage 

Profile 

Analysis 

(kn/sec) 

1 

Air 

40 

11 

2400 

3.33 

3300 

S.f.S 

1 

Air 

10 

U 

27bO 

0.^7 

3 ISO 

7 

tiO 

U 

2170 

3.91 

2320 

4.19 

diameter  is  0.155  m,  and  the  minimum  separation  between  electrodes  is  0.148  m. 

The  reason  for  the  apparent  high  effective  Bd  is  not  known. 

Shot  X-MIID  10,  which  is  not  reproduced  here,  was  fired  with  2 Torr  of 
He  in  the  channel.  Again,  the  "open-circuit"  voltage  measurements  show  violent 
baseline  shifts,  indicative  of  extensive  internal  breakdown.  It  is  again  seen 
that  air,  which  behaves  as  an  electronegative  gas  because  of  the  electron 
affinity  of  0„  to  form  0^,  is  preferred  as  an  initial  filling  gas  over  helium. 

In  most  previous  experiments,  the  effective  uBd  product  has  been  about 
0.8  of  the  value  derived  from  the  product  of  the  separately  measured  values  for 
each  physical  quantity.  This  discrepancy  was  one  reason  for  suspecting  that 
there  were  circulating  currents  in  the  plasma  slug.  In  addition,  the  use  of  a 
circular  channel  with  the  electrodes  occupying  a 70°  segment  on  each  side  of  the 
channel  should  reduce  the  effective  diameter  below  tne  geometric  diameter  be- 
cause of  the  circulating  currents  which  must  be  set-up  to  keep  the  electrode 
surface  an  equi-potential . The  best  open-circuit  data  available,  shot  X-MHD  2, 
which  had  10  Torr  of  air  in  the  channel,  yields  an  effective  electrode 
separation  of  0.127  m,  which  is  witnin  the  expected  range. 

A . 2 . 2 . 2 . Measurements  under  Load 

The  first  measurements  made  with  load  resistors  which  approximately 
match  the  generator  internal  resistance  were  on  shot  X-MHD  6.  The  driver  channel 
(East)  had  a 25  milliohm  load,  the  driven  (West)  channel,  a 4.89  milliohm  load. 
T.he  voltage-current  data  from  the  driver  channel.  Figure  A. 7,  indicates  an 
effective  load  resistance  of  60  to  70  r.iilliohms,  much  larger  than  the  measured 
value.  (The  effective  resistances  for  most  loads  used  in  this  series  of  shots 
was  usually  much  higher  than  the  measured  value.  The  reason  for  those  differ- 
ences is  not  clear.  It  has  been  speculated  that  oxide  coatings  or  the  connect- 
ions to  the  aluminum  electrodes  may  be  the  cause  for  the  increased  resistance.) 
For  some  reason  the  voltage  trace  for  the  driven  (West)  channel  went  off-scale. 
The  data  sheet  suggests  that  the  leads  might  be  incorrectly  identified.  However, 
since  those  portions  of  the  voltage  traces,  which  are  visible,  are  ccincidont 
with  the  current  pulse  fo-  the  West  channel,  and  are  not  coincident  with  tluj 
shorter  pulse  on  the  East  channel,  we  conclude  that  the  leads  were  indeed 
correctly  identified,  but  that  the  oscllioscofM*  scale  factors  are  wrong. 
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P2«}ure  A. 7 

VOLTAGE-CURRENT  Pl-OT 
FOR  THE  WEST  (DRIVEN)  CHANNEL 
IK  HERCULES  SHOT  X-HHO  «.  THE 
KEASURBO  LOAD  RESISTANCE  WAS  2S 
MILLIOMMS.  THE  APPARENT  LOAD 
RESISTANCE  IS  AllOUT  50  HILHOHN5 
NUH8BRS  BV  DATA  POINT'S  REPEK  TO 
TIME  IN  MICROSECONDS. 


The  next  shot  which  produced  analyzable  data  was  X-MHD  12,  which  was 
fired  with  a lower  magnetic  field,  about  3.15  Tesla,  in  place  of  the  3.35  Tesla 
used  in  the  other  experiments.  The  measured  current  through  the  4.89  milliohms 
load  was  62.4  kA.  The  voltage  trace  was  on  a 4300  V/cm  scale,  which  meant  that 
the  deflection  was  just  about  trace  width  (0.2  cm).  For  comparison  purposes,  it 
is  estimated  that  the  peak  current  would  have  been  70.6  kA,  if  the  magnetic 
current  had  been  at  its  nominal  value  of  11,000  amperes. 

For  shot  X-MHD  13,  the  data  channels  appear  to  be  mixed  up  on  the  West 
channel.  Wh^t  is  purported  to  be  the  current  rises  rapidly,  and  then  goes 
negative  after  the  puiu-r.-  while  what  is  supposedly  the  voltage,  rises  slowly, 
peaks  and  then  returns  to  zero,  rh"  discrepancy  can  be  seen  by  plotting  the  data 
as  a time  trajectory  on  a voltage-current  plot.  The  original  data  is  shown 
plotted  in  Figure  A. 8 as  the  crosses.  In  this  "trajectory",  the  current  is  about 
60  kA  when  the  voltage  comes  on.  A more  plausible  interpretation  is  to  assume 
the  traces  were  reversed.  This  analysis  produces  the  trajectory  where  the  data 
points  are  shown  as  circles  in  Figure  A. 9.  As  will  be  seen  from  the  analysis  of 
other  shots,  this  is  the  normal  trajectory.  The  apparent  load  resistance  in  this 
interpretation  is  about  37  milliohms. 

Voltage-current  trajectories  for  shots  x-MHD  14,  15,  16  and  19  are 
shown  in  Figure  A. 8 through  A. 11.  The  apparent  load  resistance  is  determined 
from  the  measured  current  and  voltage  at  a time  when  the  current  is  approximately 
flat,  i.e,,  dl/dt  » C,  Table  A-4  summarizes  the  observed  "load  resistances",  and 
provides  a comparison  with  the  measured  resistance  of  the  load  resistor.  Since 
the  obsctvwd  value  is  dotormined  when  dl/dt  « 0,  the  variance  cannot  be  duo  to 
inductive  effects,  but  must  be  duo  to  contact  rocistaneo  in  the  load  circuit. 

The  "observed  load  resistance"  is  the  value  which  should  be  used  in  evaluating 
the  generator  power  output. 

The  data  from  the  "driver"  and  "driven*  channels  is  shown  in  Figures 
A. 13  and  A.13.  The  data  can  be  sumoarisod  by  using  a relation  of  the  typo: 

% - ^ 

Where  is  the  generator  terminal  voltage  when  producing  a current  I 
through  an  external  load,  8 is  the  static  magnetic  induction,  d,  the  electrode 
separation,  and  u,,  are  the  internal  generator  resistances  and  effective  gas 
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TABLE  A- 4 


EFFECT  LOAD  RESISTANCES  - MILLIOHMS 


Nc. 

W 

Apparent  Rt^ 
E W 

0 

25 

- 

50 

- 

12 

4.89 

4.89 

1.5 

- 

13 

0 

8.3 

37 

14 

994 

8.42 

9.0 

15 

8.3 

8.22 

49 

10.4 

16 

8.42 

4.89 

33 

6.8 

17 

8.3 

8.22 

18 

8.3 

8.22 

19 

8.3 

8.22 

23 

12.5 

6) 
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*''*  BBBSBNTEB  IN  DATA  SHEETS . BATA  POINTS 
ARE  10  MICROSECONDS  APART.  CIRCI^S,  WHICH  SHOW 
ALTBRNATE  INTERPRETATION  THAT  INSTRUMBNIATION  LEADS 
WERE  CROSSED,  FOLLOWS  NORMAL  TIME  TKAJECTORV,  SEE 
FIGDRE  A. 5. 
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Fiquro  A. 9 

VOLTACIK-CltRRF.NT  TRAJECTORIES  THE  WEST  CHANNEL 
ON  HERCULES  SHOT  X-MHD  1<J.  LOAD  MEASURED  AS  8.42 
MILLIOHHS.  NUMBERS  BY  DATA  POINTS  REFER  TO  TIME: 
IN  MICROSECONDS. 
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Figure  A. 10 

VOLTAGK-CURRFNT  TRAJECTORIES  FOR  HERCULES 
SHOT  X-MIO  15.  LOAt)  OH  EAST  CHANNEL  IS 
0.3  mn.  tX>AD  ON  WEST  CHANNEL  IS  8.22  mH. 
NUMSER.S  »V  DATA  POINTS  REFER  TO  TIME  IN 
MtCROSECONOS. 
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n»«ARMT-vf»i,TAnR  TBA.n?cmi»v  rn»  nro^irK?: 
SHOT  X->NHD  1$.  LOADS  WERE  6.42  mi^  OK 
EAST  CHANNEL  AND  4.89  mlS  ON  WEST  CHANNei.. 
SUNDERS  BY  DATA  POINTS  REFER  TO  TIHE  IN 
MICROSECONDS. 
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velocities  determined  from  the  data  in  Figures  A. 12  and  A. 13.  Using  the  sub- 
script r for  the  driver  channel  and  the  subscript  n for  the  driven  channel,  we 
have ; 

Vj.  = 5224  Bd  -0.033  1 

V = 6157  Bd  -0.021  I 
n 

The  authors  of  (12)  recognize  the  problem  and  address  various  ways  of 
initiating  the  charge  in  a manner  such  that  the  detonation  products  from  the 
initiating  system  are  not  injected  into  the  channel  ahead  of  the  seeded  detonat- 
ion products. 

From  Figures  A. 12  and  A. 13,  it  appears  that  the  peak  power  output  of  the 
driven  generator  can  be  about  129  MW,  and  the  driver  generator  about  60  MW.  Thin 
means  that  the  maximum  output  of  the  driver  generator  can  only  be  less  than  1/2 
of  the  driven  generator. 

Table  II  of  {12l  shows  a maximum  output  of  the  driven  generator  of 
11.8  kJ  for  test  X-MHD  14.  In  this  tost,  the  driver  channel  was  open-circuited, 
whereas,  the  abstract  states  that  *.  . . due  to  magnetic  field  non •unxtoimity  anc 
asymetric  drive  of  the  two  channels,  it  produced  18  kilojoules.  Two  thirds  of 
this  was  produced  in  the  channel  which  was  properly  driven.'  Nowhere  in  Table 
II  is  there  any  data  which  shows  more  than  11.8  KJ  being  produced.  In  shot 
X-MHD  16,  only  10.55  kJ  wore  produced  between  the  two  channels.  In  shot  X-MHP 
15,  9.17  k.T.  Wo  havo  examined  the  effects  of  the  asymetric  drive  .,nd  agree  with 
the  conclusion  that  if  both  channels  had  been  hooked  to  apprcprxate  loads  the 
generator  .?ould  have  produced  18  kJj  however,  the  fact  ia  that  it  did  not  I 

The  abstract  of  '<12)  then  goes  on  to  state,  “Calculations  which  correct 
for  these  two  conditions  predict  an  efficiency  of  81  would  h.av«  boon  obtained 
. . Allowir.4,  for  additional  explosive  to  be  used  in  the  plane  wave 

generator,  the  converuion  efficiency  of  shot  X-HtlU  14  actually  was  about 
Assuming  that  the  other  channel  had  been  connected  to  the  optimum  load  to  deli*»s^ 
an  additional  5.5  kJ,  as  indicated  by  the  relations  discussed  above,  the  overall 
effici'incy  would  hau-e  been  3.54.  If  we  further  assume  that  both  channels  could 
put  out  11.8  kJ,  the  conversion  efficiency  would  still  be  only  about  5f,  and  not 
the  8%  cited  in  the  abatractl 
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The  question  of  magnetic  field  non-uniformity  is  never  discussed  in  the 
text.  With  a magnet  of  the  size  shov-m  in  Figure  14  of  (12),  the  field  should  be 
substantially  uniform  over  the  0.155  m channel  diameter.  What  the  authors 
probably  refer  to  is  the  fact  that  the  magnetic  induction  has  fallen  off  to 
negligible  values  after  the  plasma  has  traveled  about  0.8  m;  see  Figure  A . 

This  was  inherent  in  the  design  of  the  experiment.  One  usually  does  not  have  a 
strong  MUD  interaction  if  the  magnetic  field  vanishes.  It  is  true  thi.r  f they 
had  a longer  magnet  they  probably  could  have  produced  longer  pulses  and  c'nvorted 
more  of  the  chemical  input  energy  to  electrical  energy  in  their  load-  but  they 
did  not.  While  on  this  topic*  we  should  note  thit  in  il2i  near  the  top  ot  page 
6,  the  authors  discuss  pulse  lengths  and  claim*  "Reasonably  flat  topped  puls-: 
durations  of  20-400  microscco.nds  are  attainable  . . ."*  and  then  conclude  thi» 
paragraph  with  the  statement*  "Longer  flat  toj)  pulse  duration  will  probably  re- 
quire tailoring  of  explosive  characteristics  and  for  channel  area  contouring 
which  probably  can  extend  pulse  duration  to  750-1000  microseconds  at  tolerable 
loading."  The  experimental  data  presented  in  (12!  neither  supports  nor  con- 
tradicts these  claims.  As  we  have  previously  stated  in  Chapter  4,  experimental 
demonstration  of  long  duration  explosive  driven  HKD  generator  pulses  is  a key 
milestone  in  developing  explosive  HKD  technology  for  useful  applications. 

We  conclude  that  the  Hercules*  Inc.*  program  has  made  a valuable  con- 
to  the  exnlonive  driven  generator  teehnol<'*gy . It  has  demonstrated 
the  operation  of  back-to-back  channels  facing  a singbr  explosive  charge,  a con- 
cept which  was  proposed  independently  in  t7>.  jt  has  also  shown  that  by  going 
te  the  lower  explosive  loading  density  of  5.2f  kg/»* * C04spared  to  the  15  Kg/»* 
used  for  the  tests  reported  in  iH,  and  by  increasing  the  magnetic  induction 
ftm  l.%  Tesla  to  1.15  Tesla,  that  the  ctumicai  to  electrical  c^version 
efficiency  can  he  ie^roved. 
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gradients  are  of  the  magnitude  necessary,  when  in  a magnetic  field,  to  initiate 
a thermal  instability  phenomenon  desefibed  as  "T-layers"  in  the  plasma.  While 
this  mechanism  is  adequate  to  describe  the  maintenance  of  the  conductivity,  it 
does  not  explain  the  conductivity  observed  in  the  absence  of  a magnetic  field  in 
the  seeded  detonation  products  near  the  explosion.  To  identify  key  problem 
areas,  several  scalcd«up  MHD  generator  designs  are  examined,  as  well  as  the 
prospect  of  using  explosive  driven  MUD  generator  technology  as  a switch  for  dis- 
charging fast  capacitor  banks.  The  major  unresolved  question  is  what  is  the 
maximum  pulse  duration  that  can  be  achieved  in  explosive  driven  MHD  generators. 
Recent  experimental  work,  which  is  reviewed,  does  not  extend  time  durations 
beyond  previously  observed  times  of  several  ho..dred  microseconds;  however,  the 
circulating  current  models  discribed  above  predict  that  pulse  times  of  the 
order  of  1 millisecond  can  be  achieved. 
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